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ABSTRACT 
Low-cost modifications to promote enhanced biological phosphorus removal 
(EBPR) in an existing nitrification-only activated sludge system were evaluated at full-
scale with a focus on dry and wet weather dynamics.  EBPR was successfully established 
with average phosphorus content of the waste sludge 3.2±0.2% (95% confidence) 
compared to 1.6±0.1% in the control basin.  Microbiological investigations showed a 
significant increase in relative abundance of bacteria phyla Chloroflexi, Nitrospirae, and 
Verrucomicrobia in the modified basins, but their abundance had no correlation to 
treatment performance.  Quantitative polymerase chain reaction (qPCR) indicated 
significant increase in relative quantity of Accumulibacter/16S, but not for 
Actinetobacter-like phosphorus accumulating organisms (PAOs), which includes the 
PAO Tetrasphaera.  Significant changes in some Accumulibacter clades were observed 
including consistent higher than expected dominance of clade I and increased relative 
quantities of clades IIB and IIC during extended wet weather. 
A BioWin wastewater process model was developed to predict EBPR 
performance during wet and dry weather conditions.  The default model significantly 
over-predicted EBPR performance during wet weather.  A sensitivity analysis determined 
several stoichiometric model parameters related to aerobic phosphorus sequestration and 
anaerobic release and the yield coefficient of ordinary heterotrophic organisms (OHOs) 
were significant and used to develop a calibrated model.  In the EBPR system, 
phosphorus release and uptake rates were approximately 4 and 3 times lower respectively 
during wet weather compared to dry weather conditions. 
xiv 
Two high-rate anaerobic reactors were developed and compared with a 
conventional complete mix reactor at bench-scale to evaluate as the phosphorus release 
component of a struvite recovery process.  The high-rate reactors featured internal sludge 
thickening that permitted decoupling the hydraulic and solids retention times.  The 
hydraulic and solids retention time (HRT and SRT) of the complete mix reactor ranged 
from 6-48 hours.  The HRT of the plug flow reactors were reduced to between 6-18 hours 
while the SRT was maintained in the range of 18-54 hours, resulting in a significant 
reduction in reactor size required and associated costs.  Phosphorus release for all 
reactors was correlated with SRT ranging from 0.063±0.75 to 0.37±1.8 mg effluent 
orthophosphate (OP)/mg influent total phosphorus (TP) at SRTs of 6 and 54 hours 
respectively.  An economic analysis of the three reactors determined the three-zone plug 
flow reactor had the lowest present worth cost.  
A pilot-scale version of the three-zone reactor was evaluated with average HRT 
and SRT of 21 and 39 hours respectively.  Phosphorus release correlated to SRT 
(R2=0.62), with release of about 0.18 mg effluent OP/mg influent TP at SRT of 20 hours 
and about 0.35 mg effluent OP/mg influent TP at SRT of 60 hours. Total suspended 
solids averaged 9,186 mg/L influent, 28,422 mg/L reactor waste and 335 mg/L effluent.  
A BioWin process simulation model was developed and sensitivity of kinetic parameters 
were evaluated to create a calibrated model.  Sensitive parameters for phosphorus release 
were anaerobic decay rates for OHOs and PAOs; hydrolysis rate; half saturation rate for 
hydrolysis of slowly degradable organics; and half saturation rate for residual soluble 
substrate for OHOs. 
xv 
DNA sequencing showed a significant increase in relative abundance of phyla 
Chloroflexi and Firmicutes between the influent and waste sludge from the pilot reactor, 
but no correlation to performance.  qPCR indicated no significant differences in quantity 







CHAPTER 1. INTRODUCTION AND OBJECTIVES 
1.1 Introduction 
Wastewater treatment plant phosphorus discharge limits have steadily decreased in 
many areas over the past 20-30 years as water quality problems associated with excess 
nutrients have become apparent.  Enhanced biological phosphorus removal (EBPR) activated 
sludge has become a common treatment process in recent years due to remove phosphorus 
due to relatively low operating costs and improved environmental sustainability compared to 
chemical phosphorus removal alternatives (Coats et al., 2011c).  In an EBPR process, 
phosphorus is concentrated within phosphorous accumulating organisms (PAOs) and 
removed with waste activated sludge to solids treatment, typically an anaerobic digestion 
system.  In an anaerobic environment, the PAOs release their internal phosphorus into 
solution, which unfortunately can lead to favorable conditions to form struvite, a mineral 
composed of phosphorus, magnesium and ammonia.  To address struvite precipitation, 
phosphorous recovery systems have been developed that intentionally form struvite and 
recover it as a value-added product that can be sold as a fertilizer.  Phosphorus recovery is an 
attractive solution to reduce effluent phosphorus, reduce unwanted struvite formation (and 
associated costs) and produces a fertilizer product that can be sold.  However, phosphorus 
recovery is a relatively new technology with only about a dozen full-scale systems currently 
operating in the United States.  As a new technology, there is likely potential to optimize 
phosphorus recovery systems and their associated component processes.   
To support phosphorus recovery, reliable and high performing EBPR is desired to 
sequester as much phosphorus as possible to maximize struvite production.  Despite many 
years of EBPR research, there remain questions regarding the microbial mechanisms of 
2 
phosphorus removal and various issues that cause reliability and performance problems, 
especially wet weather conditions (Nielsen, et al., 2010; Zheng et al., 2014).   
The overall goal of this study was to improve understanding of EBPR in a full-scale 
system and evaluate an anaerobic phosphorus release reactor that could be a component of a 
struvite recovery system with the following specific objectives: 
1. Evaluate EBPR performance during dry and wet weather conditions in a full-scale 
activated sludge system modified using low-cost methods from a complete 
nitrification to an anaerobic-oxic (A/O) process. The modified basin was also 
compared to a remaining un-modified basin to measure the effectiveness of the 
modifications.  The microbial population was characterized using DNA 
sequencing and quantitative polymerase change reaction.  
2. Conduct a bench-scale evaluation of new high rate anaerobic reactor designs for 
phosphorus release and compare with a conventional complete mix reactor 
design. Develop design criteria for the new high rate reactor designs.  Conduct an 
economic analysis to determine the lowest present worth cost reactor design.  
3. Conduct pilot-scale testing of the high rate phosphorus release reactor design 
found be best alternative based on previous bench-scale tests to quantify 
performance and refine design criteria recommendations.  Characterize microbial 
population with focus on determining if PAOs are present and selected by 
anaerobic conditions.  BioWin process modeling was conducted to develop a 
calibrated model of the reactor with sensitivity analysis used to determine 
significant model parameters. The bench and pilot-scale plug flow reactors are 
3 
patent pending by the Des Moines Metropolitan Wastewater Reclamation 
Authority (16/213218). 
4. Conduct bench-scale batch tests to measure phosphorus release from waste 
activated sludge.  Evaluate supplemental carbon sources to determine potential 
benefit to phosphorus release.  Evaluate phosphorus release and uptake during dry 
and wet weather conditions using a BioWin model based on the full-scale 
activated sludge tests previously mentioned.  Conduct a sensitivity analysis to 
determine significant model parameters for dry and wet weather conditions.  
 
1.2 Dissertation Organization 
This thesis is organized into 7 chapters with 4 appendices.  Chapter 1 provides an 
introduction and objectives of the study.  Chapter 2 is a literature review comprising 
information that is important in providing a fundamental understanding of the issues and a 
basis for the work undertaken in the study.  Chapter 3 details the research project on 
evaluation of full scale enhanced biological phosphorus removal including comparison with a 
nitrifying activated sludge system, characterization of the microbial community and 
influence of wet weather on phosphorus removal. Chapter 4 presents a lab-scale comparison 
study of two new high rate phosphorus release reactors and a conventional complete mix 
reactor, characterization of the microbial community and economic evaluation of the 
reactors.  Chapter 5 is a continuation of Chapter 4 with a pilot-scale study of a high rate 
phosphorus release reactor to determine performance, BioWin modeling and microbial 
community characterization.  Chapter 6 includes phosphorus release batch tests with 
supplemental carbon to determine phosphorus release rates.  BioWin modeling and 
4 
calibration of the full-scale activated sludge system described in Chapter 3 is also included 
for dry and wet weather conditions. Chapter 7 presents the conclusions and recommendations 
for future work.  Appendices A, B, C and D include the raw data collected for the 
experiments in Chapters 3, 4, 5, and 6 respectively.  
5 
CHAPTER 2. LITERATURE REVIEW 
2.1 Introduction  
Phosphorus is required by all living organisms and is a critical component of modern 
agriculture.  Agricultural fertilizers include phosphorus mined from phosphate minerals, 
which are a finite resource and reserves are estimated to become limited over the next 10-20 
years and depleted within about 50 years (Cordell et al., 2009).  It is estimated that about 15 
million tons of phosphorus per year is lost to the environment from animal agricultural 
manure and about 3 million tons per year from human waste, representing about 22 and 20 
42 percent of current annual phosphorus demand respectively (Cordell et al., 2009; Clift and 
Shaw, 2012).  Excess phosphorus in the aquatic environment leads to poor water quality from 
overgrowth of algae, eutrophication, depleted dissolved oxygen that kills other aquatic life.  
For example, excess phosphorus can lead to overgrowth of Cyanobacteria, which can 
produce cyanotoxins that can be fatal to humans if ingested in a water supply and has 
resulted in disrupted water supplies in large cities in the United States in recent years (Coats 
et al., 2017).  
Treatment plant effluent phosphorus limits have decreased in many areas in recent 
years to address environmental problems and as the financial value of phosphorus increases, 
interest has increased into methods to remove phosphorus from wastewater plant discharges 
and recover phosphorus as an added value resource. With a relative steady and predictable 
supply of phosphorus, he wastewater treatment industry is considered one of the top options 
to recovery phosphorus and mitigate the depletion of natural deposits (Acevedo et al., 2015).  
 Wastewater phosphorus concentrations are typically dilute, generally less than 10 
mg/L total phosphorus (Yuan et al., 2012).  A common method to concentrate phosphorus for 
6 
removal in wastewater treatment is enhanced biological phosphorus removal (EBPR) which 
concentrates total phosphorus in phosphorus accumulating organism (PAOs), which range 
from dry weight of about 2% up to as much as 7-8% (dry weight) (Droste, 1997).  Despite 
extensive research into EBPR, there remain questions regarding the microbial processes 
responsible for EBPR and there are opportunities to improve process reliability and 
performance (Nielsen, et al., 2010).  Inconsistent EBPR performance has been noted for 
some full-scale systems, despite apparently favorable conditions (Zheng et al., 2014).  Zheng 
et al. (2014) noted full-scale issues are frequently the result of excess nitrate or insufficient 
volatile fatty acids (VFAs) in the anaerobic zone and Dold and Conidi (2019) have observed 
problems related to frequent under-sizing of anaerobic zones as part of their work with many 
designers and facilities.  Most EBPR related microbial research has been at laboratory scale, 
often with synthetic wastewater and does not represent the conditions present in full-scale 
systems (Coats et al., 2017; Dold and Conidi, 2019).  There is a need for research that 
includes full-scale facilities or real wastewater instead of synthetic wastewater.  
 Recent research has proposed possible PAOs from the genus Tetrashapera that may 
utilize a novel metabolism compared to “traditional” PAOs, however there remain many 
questions about the microbial physiology and practical significance for EBPR (Barnard et al., 
2017; Dold and Conidi, 2019; Ranbin et al., 2019).  
Wet weather conditions have been associated with decreased EBPR performance and 
decreased microbial diversity, however the changes in the microbial community during wet 
weather and potential impact to treatment performance are not well understood (McMahan, 
2006; Sato et al., 2016). There remains a need to further define relationships between EBPR 
performance, operating parameters and the microbial community in full-scale facilities. 
7 
Facilities with EBPR and anaerobic digestion have reported increased formation of 
the mineral struvite (Jia et al., 2017). Interest in struvite recovery has increased as a method 
to control struvite deposits and to decrease effluent phosphorous discharge.  Struvite 
recovery systems often include an anaerobic, complete mix phosphorus release basin to 
release phosphorous from EBPR waste activated sludge and divert the phosphorus rich 
stream to struvite recovery.  Full-scale struvite recovery is a new technology and there 
appears to be room for improvement in the phosphorus release component.  
 
2.2 Enhanced Biological Nutrient Removal (EBPR) 
All microorganisms present in activated sludge wastewater treatment systems uptake 
phosphorus to sustain their metabolism.  Typical activated sludge microorganisms assimilate 
approximately 1.5-3% phosphorus (dry weight) to grow and maintain biomass (Britton, 
2005; Metcalf and Eddy, 2003).  Some microorganisms called phosphorus accumulating 
organisms (PAOs) can uptake excess phosphorus and store as a polyphosphate energy 
reserve.  EBPR is a process designed to promote growth of PAOs to increase the assimilation 
of phosphorus into the biomass in excess of about 3% (dry weight), up to a practical 
maximum of about 7-8% when using municipal wastewater as a substrate (Droste, 1997).   
EBPR has been successfully used in full-scale treatment plants since the 1980s and 
while the general theory of EBPR is understood, there remain questions as noted below about 
optimization of the process (Nielsen et al., 2019).  There are many potential variations of the 
EBPR process configuration, but all are based on a cyclic anaerobic and aerobic conditions, 
which promotes growth of PAOs (Britton, 2005).  
8 
Traditionally, it was accepted that EBPR required PAOs such as Candidatus 
Accumlibacter (Accumlibacter) to consume readily available carbon sources such as short 
chain volatile fatty acids in an anaerobic environment and perform net uptake of phosphorus 
in a subsequent aerobic zone.  However, a second mechanism has been proposed in recent 
years that includes the broad group of bacteria from genus Tetrasphaera that appear to 
perform phosphorus removal with unique traits compared to traditional PAOs (Barnard et al., 
2017).  Some of the proposed unique traits of Tetrasphaera include ability to ferment 
complex organics, production of fatty acids, inability to uptake fatty acids, and selection by 
anaerobic conditions indicated by ORP less than 300 mV (Barnard et al., 2017).  Recent 
research by Dold and Conidi (2019) has questioned the contribution of Tetrasphaera to 
EBPR and it appears that additional research is needed.  The following subsections provide a 
brief overview of EBPR. 
 
2.2.1 PHA-Dependent EBPR mechanism 
The generally accepted PAO metabolism includes PAOs experiencing cyclic 
anaerobic and aerobic environments (Figure 2.1).  In an anaerobic environment, PAOs use 
energy from polyphosphate hydrolysis to uptake fermentation products (volatile fatty acids) 
that are synthesized into polyhydroxyalkanoate (PHA) energy reserves.  The polyphosphate 
hydrolysis results in release of inorganic phosphorus from the cell, which is observed as a net 
release of phosphorus into the wastewater.     
In an aerobic environment, the stored PHA is oxidized by oxygen, producing energy 
for cell growth and uptake of inorganic phosphorus for polyphosphate synthesis (Oehmen et 
al., 2007).  The PAOs will uptake more phosphorus during aerobic conditions than was 
released during anaerobic conditions, resulting in overall net increase of phosphorus in the 
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PAOs and decrease of phosphorus concentration in the liquid portion of the wastewater.  The 
high phosphorus content PAOs are removed from the system via the waste activated sludge.   
It was originally thought that PAOs only used oxygen as an electron acceptor, 
however it has been shown that some PAOs can also use nitrate (Kuba et al., 1994; Østgaard 
et al., 1997).  When conditions permit, these unique denitrifying PAOs (DPAOs) can perform 
simultaneous denitrification as well as enhanced biological phosphorus removal (Oehmen et 
al., 2007).  Denitrifying EBPR offers some benefits such as less substrate required compared 
to separate nitrogen and phosphorus removal processes and decreased aeration requirement 
saves energy and money (Kuba et al., 1996c).  However, total anoxic phosphorus uptake and 
rate of uptake is less than during aerobic conditions (Zeng et al., 2018).  The presence of 
nitrate can lead to decreased performance by hindering the optimal PAO metabolism for 
phosphorus removal and/or promoting growth of microbes that directly compete with PAOs 
for potentially limited substrate (Oehmen et al., 2007).   
 
 
Figure 2.1 PHA-Dependent PAO mechanism for EBPR (adapted from Brenner, 2005). 
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2.2.2 Proposed alternate EBPR mechanism 
Alternative EBPR mechanisms have been proposed or studied in recent years based 
on the genus Tetrasphaera in the family Intrasporangiaceae (Nguyen at al., 2011; 
Kristiansen et al., 2013; Barnard et al., 2017).  These papers argue that Tetrasphaera bacteria 
appear to have a greater physiological diversity and the following unique traits compared to 
PHA-dependent PAOs (Nguyen at al., 2011): 
• can ferment organics such as carbohydrates and amino acids and produce 
glycogen carbon storage products, but not PHA (Yang et al., 2017) 
• cannot uptake short-chain fatty acids and do not produce PHA storage 
products (Kong et al., 2005) 
• some can produce VFAs during “strong” anaerobic conditions indicated by 
low oxidation reduction potential (ORP). The VFAs produced could be used 
to support “traditional” PAOs such as Accumlibacter (Barnard et al., 2017) 
• can denitrify and may be able to simultaneously combine nitrate/nitrite 
reduction with phosphorus uptake  
• consist of at least four species and uncultured/unidentified species resulting in 
a diverse physiology not as well defined as Accumlibacter (Ranbin et al., 
2019) 
 
Figure 2.2 illustrates a proposed EBPR mechanism for Tetrasphaera and shows a 
PHA-dependent PAO, Accumulibacter utilizing VFAs produced from Tetrasphaera in a 




Figure 2.2  Proposed combined Tetrasphaera and Accumlibacter EBPR Mechanism (adapted 
from Barnard et al., 2017; Brenner, 2005) 
 
These proposed alternative Tetrasphaera PAO traits may have a significant impact to 
the understanding and performance of EBPR.  For example, it is theorized that the VFAs 
produced by Tetrasphaera could be used by traditional PAOs such as Accumlibacter, 
decreasing carbon requirements for EBPR compared to existing design recommendation 
(Barnard et al., 2017).  Barnard et al., 2017 noted that optimal EBPR occurred when a 
diverse population of PAOs cycled through an anaerobic zone defined by an ORP below 
approximately -300 mV that may favor organisms that can ferment complex carbons.  It is 
possible that an anaerobic process that selects for both Accumlibacter and Tetrasphaera may 
improve the redundancy, resilience, and performance of EBPR activated sludge treatment.   
Despite the recent interest and research regarding Tetrasphaera, Ranbin et al. (2019) 
noted significant questions remain including: 
1. To what extent does Tetrasphaera contribute to phosphorus removal in full-scale 
treatment plants?  Tetrasphaera kinetics have an unknown impact on phosphorus 
removal. 
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2. There appears to be significantly varied metabolic preferences/capabilities among 
species of Tetrasphaera, which may explain contradictory results among research 
to date.  For example, Wilinski, 2009 noted that PAOs uptaking amino acids 
released only 30-80% as much phosphorus compared to traditional PAOs 
uptaking VFAs.   
3. Tetrasphaera appears capable of utilizing varied metabolic pathways however 
questions remain about what controls the regulatory gene “switch(es)” and how 
its metabolism varies in environments common to EBPR processes and the impact 
on phosphorus removal.  
4. Tetrasphaera appears to have some ability to denitrify in controlled 
environments, however performance in dynamic (full-scale) environments is 
unclear.  Further, Marques et al. (2018) noted the rate of phosphorus uptake by 
Tetrasphaera in anoxic conditions was insignificant compared to Accumulibacter.  
 
Recent work by Dold and Conidi (2019) has been critical of the proposed alternative 
Tetrasphaera physiology, noting that anaerobic zones at many conventional EBPR facilities 
are often sized too small; often containing less than 10 percent of the solids by mass, when 
15 to 25 percent is recommended.  The small anaerobic zones result in unreliable EBPR 
performance.  Dold and Conidi explain RAS fermentation reactors (with thickened secondary 
clarifier sludge) results in a large anaerobic mass fraction which promotes reliable EBPR, 
however RAS fermentation may be merely providing sufficient anaerobic capacity and does 
not necessarily outperform a properly sized conventional EBPR system.  Batch RAS 
fermentation tests of PHA storage products, fermentation products and orthophosphate 
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release appears to match understanding of PHA-dependent PAOs and the case for alternative 
PAO metabolism remains unclear (Dold and Conidi, 2019).  
  
2.2.3 Glycogen accumulating organisms  
A potential problem for EBPR is competition from glycogen accumulating organisms 
(GAOs), which can flourish in the same cyclic anaerobic-aerobic environments as PAOs. 
However, GAOs uptake of fermentation byproducts in the anaerobic zone and store it as 
glycogen (instead of PHA) which can later be metabolized in an aerated zone and does not 
contribute to phosphorous removal (Oehmen et al., 2006).   
Competition between GAOs and PAOs has been researched extensively at lab-scale 
with results indicating temperature, pH, and type of carbon source can significantly influence 
the balance between PAOs and GAOs (Barnard and Steichen, 2006).  However, research 
based on full-scale systems indicates that presence of GAOs does not appear to harm EBPR 
performance (Nielsen et al., 2019; Mielczarek et al., 2013).  Early lab-scale research 
overestimated the influence of GAOs on EBPR by relying on lab-scale and synthetic 
wastewater studies that did not represent realistic (full-scale) conditions.  GAOs have been 
observed as a significant portion of the biomass in some full-scale systems with successful 
EBPR operation and there are no known and thorough studies of full-scale EBPR failure due 
to GAOs.  Mielczarek et al. (2013) performed a three-year study of 28 Danish treatment 
plants and did not find correlation between GAO population and phosphorus removal, plant 
design, operation, or waste characteristics. 
Nielsen et al. (2019) contends that in full-scale treatment systems, “GAOs will only 
be abundant when VFAs or fermentable substrates are present in surplus (high [carbon: 
phosphorus] C:P ratio), that is, more carbon than the highly competitive PAOs need – and 
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that is largely determined by the amount of available phosphorus. A high proportion of VFAs 
in general will likely select for the classical PAO and GAO phenotypes”.   
Other recent research has further illustrated the similarities of some PAO and GAOs, 
showing that when phosphorus is limited Accumulibacter species from Clade Type II are 
preferentially selected and appear to accumulate glycogen (Acevedo et al., 2017).  
Muszynski and Milobedzka (2015) studied the effect of varied C:P ratios on PAO and GAOs 
in granular sludges using FISH analysis.  Low C:P ratios (<15:1) selected for PAOs over 
GAOs, while high C:P ratios (100:1) favored GAOs and PAOs were also observed switching 
to GAO type metabolism during low phosphorus conditions.  
It appears that GAOs do not often pose a significant problem to EBPR performance at 
full-scale treatment plants, but there remain several questions related to GAO/PAOs: 
1. How closely related are GAOs and PAOs? 
2. What controls the selection of GAOs and/or PAOs? 
3. What are the implications for full-scale treatment facilities? 
 
2.2.4 Treatment Processes for EBPR  
 Most facilities with an EBPR process for phosphorus removal also include integrated 
dentrification for nitrogen removal since effluent total phosphorus and total nitrogen permit 
limits are often tied together to address nutrient related water quality issues.  Combined 
biological nitrogen and phosphorus removal systems, often termed biological nutrient 
removal (BNR) systems include sludge and/or mixed liquor recirculation through anaerobic, 
anoxic and aerobic zones (Metcalf and Eddy, 2003): 
• Anaerobic zone(s), where fermentation processes occur, VFAs are produced and 
consumed by PAOs and stored as PHA and phosphorus is released into solution 
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• Anoxic zones(s): nitrate-rich mixed liquor and/or sludges are conveyed to anoxic 
zones for denitrification.  Denitrifying phosphorus removal may also occur.   
• Aerobic zone(s): PAOs uptake phosphorus to form polyphosphate storage granules, 
resulting in a net decrease of phosphorus from the wastewater solution.  Ammonia is 
also oxidized to nitrate in aerobic conditions 
Common variations in configuration of the flow scheme based on specific application 
goals and conditions are as shown as Figure 2.3 (Metcalf and Eddy, 2003; Onnis-Hayden, et 
al., 2019).  There are two general categories of BNR systems, 1) pre-denitrification and 2) 
post-denitrification. In a pre-denitrification system, the denitrification step (and anoxic zone) 
is located prior to nitrification in the aerobic zone.  An internal recycle is used to convey a 
nitrate-rich stream to denitrification.  If high nitrate loading is conveyed to the anaerobic 
zone it can decrease phosphorus release by PAOs by leading to VFAs being consumed by 
denitrifiers instead of PAOs.   
In a post-denitrification system, the denitrification step occurs after nitrification (typically 
anaerobic-aerobic-anoxic scheme).  Post-denitrification requires less recycled mixed liquor, 
however the PHA energy store created in the anaerobic zone may be depleted in the aerobic 







Figure 2.3 Process flow diagrams for common BNR processes: A2O – 
Anaerobic/Anoxic/Oxic; UCT- University Cape Town; EBPR – Enhanced biological 




Typically, this issue is addressed by bypassing some sludge and/or influent around the 
aerobic zone or adding a supplemental carbon source.   
A relatively new process for nutrient removal is side stream EBPR (S2EBPR), which 
includes many variations but is based around a side stream anaerobic zone receiving 
return/waste activated sludge.  A review of by Onnis-Hayden et al. (2019) included the 
following conclusions regarding S2EBPR facilities: 
• S2EBPR appears to have greater stability than conventional EBPR activated sludge 
• The relative abundance of total and known PAOs was comparable between S2EBPR 
and conventional EBPR.  Tetrasphaera was found at higher relative abundance than 
other PAOs.  
• The relative abundance of total and known GAOs was lower in S2EBPR compared to 
conventional EBPR 
• There was greater microbial diversity in S2EBPR systems compared to conventional 
EBPR based on 16S rRNA sequencing however the reason for the differences are 
unknown.  
  
There is perception by some that conventional EBPR is not reliable and subject to 
periods of poor performance.  Despite many full-scale installations, reliability of EBPR 
remains a known problem with common issues including wet weather, excessive nitrate 
loading to anaerobic zones, and poor wastewater characteristics (insufficient substrate) 
(Oehmen et al., 2007).  Dold and Conidi (2019) propose that designers frequently undersize 
the anaerobic zone with 5-10 percent of the total mass fraction compared to about 20-25 
percent recommended.  Insufficient anaerobic volume results in inadequate VFA production, 
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phosphorus uptake and PAO growth and could explain many issues frequently raised about 
EBPR reliability.  Dold and Conidi note that SSEBPR offers some potential advantages 
including more resiliency during wet weather, large anaerobic mass fraction and possible 
GAO suppression.  However, S2EBPR relies on only one source of VFAs; hydrolysis and 
fermentation of decay products while conventional EBPR anaerobic zones may also obtain 
VFAs from the influent, fermentation of readily biodegrable substrate (rbCOD) by 
heterotrophs, and fermentation of slowly degradable particulate substrate (Xsp).  
Conventional EBPR systems with sufficient anaerobic capacity are generally reliable and 





2.3 Microbiology Investigations  
Wastewater treatment relies on a diverse community of microorganisms to 
accomplish various treatment goals.  In the past, study of these diverse microbial populations 
was limited due to available conventional techniques based on isolation of pure cultures 
(Amann et al., 1995). Cultivation selects for microorganisms suited to grow on culture 
media, typically fast-growing heterotrophs (Gilbride et al., 2006). Early attempts to identify 
microorganisms involved with phosphorus removal in the 1970s were based on cultivation 
techniques and led to identification of Acinetobacter as the first known PAO (Fuhs and Chen, 
1975).   
Cultivation of pure cultures does not preserve the natural diversity and ratios of 
varied microorganisms within a community and there are many microorganisms that cannot 
be cultured (Sanz and Kochling, 2007).  In recent years, various molecular biology 
techniques such as fluorescence in situ hybridization (FISH), 16S rRNA cloning and 
sequencing, and denaturing gradient gel electrophoresis (DGGE) have become available for     
the study of microorganism communities without need to isolate or culture.  
These techniques have been combined with targeting the gene encoding 
polyphosphate kinase (ppk1) to identify PAOs as shown in Table 2.1.  Polyphosphate kinase 
is an enzyme which catalyzes polyphosphate formation from ATP and is a biomarker to 
identify PAOs.  Once PAOs are identified, isolation and enrichment of known PAOs is 
desirable to determine the metabolic functions and impact on treatment processes.  There has 
been some success in enriching PAO cultures (>90% of all bacteria) in controlled lab 
conditions (Saunders, 2005; Lu et al., 2006).  However, pure cultures are not available for 
most PAOs, which may exist in narrow environmental niches within a supportive 
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relationship of mixed microbial communities and may not be culturable (Gebremariam et al., 
2011; Oehmen et al., 2007; Yuan et al., 2012).  The genera Tetrasphaera and Accumulibacter 
are currently the only known bacteria consistently measured in abundances that would appear 
significant for phosphorus removal in most facilities (Nielsen et al., 2019).  Accumulibacter 
are affiliated with the Rhodocyclus genus in β-Proteobacteria and are the most studied 
PAO, however they are not culturable and researchers have turned to genetic approaches to 









Table 2.1 Microorganisms considered to be PAOs (adapted from Yang et al., 2017) 
Category  Identification Reactor Scale Sequenced
a 
Cytophaga Flavobacterium group  FISH and 16S rRNA Pilot Nob 





Candidatus Accumulibacter      
     phosphatisc 
Culture dependent 
FISH 


















Pilot and lab scale 





















a Indicates at least one strain of bacteria is fully sequenced 
b Only 781 base pairs of 16S rRNA gene sequences in this group have been sequenced 





Sub-groups within Accumulibacter cannot be defined solely by 16S rRNA since 
Accumulibacter shares a high proportion of 16S rRNA genes (over 97%) so researchers have 
successfully used the gene encoding polyphosphate kinase (ppk1), which catalyzes 
polyphosphate formation from ATP as a biomarker to differentiate among Accumulibacter 
(Mao et al., 2015).  He et al. (2007) identified clades shown in Table 2.2 based on 
Accumulibacter 16S rRNA and the phylogenetic distance of the ppk1 genes. 
 
Table 2.2 Summary of Accumulibacter Clades 
Clade* Remarks Reference 
I 
• Reduced abundance in full-scale systems 
and higher abundance in lab-scale and 
synthetic wastewater compared to type II 
clades 
Zeng et al., 2018; 
Mao et al., 2015 
 
 
• Capable of denitrification (type II not 
capable) 
Acevedo et al., 2012 
 
• Kinetics are 4 times lower than type II under 
poly-p limited conditions  
Welles et al., 2015 
 
• Likely dominates type II when influent P is 
high and less abundance than type II when 
influent P is low (<15 mg/L) 
Welles et al., 2015 
 
• Capable of shifting to GAO or mixed 
GAO/PAO metabolism for short periods  




• When poly-P not limited, can used mixed 
GAO/PAO metabolism for long periods in 
anaerobic zone and maintain full P removal 
in aerobic zone 




IIA • Positive correlation with temperature Flowers et al., 2013 
IIB   
IIC 
• Negative correlation with influent TP, COD 
and TN 
Mao et al., 2015 
 
IIC-beta   
IID 
• Positive correlation with influent TP, COD 
and TN 
Mao et al., 2015 
 





Recent studies have begun to differentiate the differences among Accumulibacter 
clades with goal to improve design and operation of treatment facilities however correlation 
to full scale operational conditions remains unclear (Nielsen et al., 2019; Zeng et al., 2018).   
Several studies have shown type II clades predominate in full-scale systems with 
reduced abundance of type I, opposite of many lab-scale studies that often use synthetic 
and/or supplemented wastewater and often have PAO enriched microbial communities not 
found in dynamic full-scale systems (Zeng et al., 2018; Mao et al., 2015).  Welles et al. 
(2015) noted type I abundance dominates when influent P is high and type II dominates when 
influent P is low (< 15 mg/L) which may explain the difference in lab and full-scale results.  
While both type I and II appear capable of switching to a GAO type metabolism, type II 
appears able to use a GAO or mixed GAO/PAO metabolism for longer periods and in more 
diverse conditions that would likely give an advantage over type I in a dynamic, full-scale 
system (Welles et al., 2015).  Several studies have reported clade type I are denitrifying 
PAOs, capable of nitrate reduction while clade type II are not able to reduce nitrate (Acevedo 
et al., 2012; Flowers et al., 2009; Kim et al., 2013a).  Zeng et al. (2018) noted studies 
reporting increased diversity of Accumulibacter clades may improve the stability of the 
treatment process.   
Mao et al. (2015) reported total Accumulibacter diversity and abundance was higher 
than the five clades indicating current qPCR primers likely understate the number and/or 
abundance of clades.  Fernando et al. (2019) noted that several unidentified bacteria have 
been observed to contain excess polyphosphate reserves and future work should focus on 
their identification.  The study of microbial communities involved with wastewater treatment 
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has significantly progressed in the last 10 years, however there remains a need to develop 
practical applications for design and operation of treatment facilities.  
 
2.4 Wet Weather Impact on EBPR 
In many areas, requirements to capture and treat greater proportions of wet weather 
flows at wastewater treatment plants have increased in recent years resulting in treatment 
difficulties (Daigger et al., 2017).  Wet weather conditions have long been associated with 
decreased wastewater treatment performance, including EBPR processes; primarily through 
changed, often diluted influent and poor solids settling (Metcalf and Eddy, 2003; Sharma et 
al., 2013).  For EBPR and other forms of activated sludge, performance of solids settling in 
clarifiers is often a critical consideration for wet weather treatment performance.  During wet 
weather increased flows can wash out solids and changes in solids characteristics can 
decrease settling performance.  Modifications to improve clarifier hydraulics and use of 
influent step feed to protect solids from wash out have been demonstrated to increase 
capacity up to 60% during wet weather (Daigger et al., 2017).  
Lucas et al. (2013) reported significant and variable changes in influent wastewater 
characteristics and fecal indicator bacteria during wet weather. However, there was no 
significant correlation between changed conditions due to wet weather and treatment 
performance.  
Wet weather has also been associated with changed and often decreased microbial 
diversity, although the impact to treatment performance is not well understood (McMahan, 
2006; Sato et al., 2016).  Finding ways to maintaining a diverse microbial community that 
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can quickly adapt to varied conditions likely results in a reliable and resilient treatment 
process (Curtis et al., 2003).   
Variations in wet weather wastewater characteristics have rarely been studied in 
detail due to difficulty in sampling, resulting in most research including EBPR related 
microbial research being conducted at laboratory scale, often with synthetic wastewater and 
does not represent the conditions present in full-scale systems (Coats et al., 2017).   
EBPR process reliability during wet weather remains a common issue (Oehmen et al., 
2007).  The wet weather problems may stem from inadequate anaerobic zone size as 
suggested by Dold and Conidi (2019), and/or changed influent characteristics. There is 
clearly a need to further define relationships between EBPR performance, operating 
parameters (including wet weather) and the microbial community in full-scale facilities.  
Understanding the changes that occur during wet weather would improve design and 
operation of EBPR systems.  
  
2.5 Phosphorus Recovery and Release  
Efforts to decrease phosphorus concentration from wastewater treatment plant 
discharges in the last 20 years has led to fast growth of various EBPR processes.  During the 
EBPR process, PAOs accumulate phosphorus which can be released back into solution if 
there is subsequent anaerobic digestion for solids treatment.  Anaerobic digesters receiving 
waste activated sludge from an EBPR system typically have conditions favorable for 
formation of the mineral struvite, or magnesium ammonium phosphate. Struvite is a 
crystalline mineral that can accumulate within pipes, equipment and basins at wastewater 
treatment facilities potentially resulting in high maintenance costs and reduced treatment 
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performance (Stratful et al., 2004).  Struvite is formed per the following general reaction (Jia 




𝑛−3 + 6𝐻2𝑂 ↔ 𝑀𝑔𝑁𝐻4𝑃𝑂4 ⋅ 6𝐻2𝑂 + 𝑛𝐻
+ 
(Where n=0,1,2 and varies with pH) 
Equation 2.1 
Removing struvite deposits at wastewater treatment plants is expensive and difficult.  
Various removal methods such as thermal treatments, jet washes, pH adjustment, chemical 
addition and cleaning have been used however manual removal with chisels and scrappers 
has been found most effective although costly (Stratful et al., 2001).   
 
The rise in struvite related issues at treatment plants has led to increased interest in 
technologies to recover struvite (phosphorus) in a controlled manner to remove struvite from 
the treatment process.  In addition to reducing struvite related maintenance costs, struvite 
recovery decreases plant effluent phosphorus and reduces ammonia loading in internal plant 
recycle streams typically conveyed from solids treatment to secondary treatment systems.  
Decreased biosolids dewatering performance for facilities with EBPR has been noted by 
many researchers, theorized caused by changes in the digester effluent divalent cation 
concentration that promotes solids to retain water (Mangrum et al., 2019).  Britton et al. 
(2015) and Marchi et al. (2015) reported increased dewatered biosolids concentrations of 2% 
and 1.5% (dry solids) respectively following installation of struvite recovery representing 
significant cost savings. The recovered struvite is a good agricultural fertilizer due to low 
solubility, low metals content and large nitrogen and phosphorus content and can be sold 
(Talboys et al., 2016).   
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  Full-scale technologies to recover struvite are relatively new and varied, however are 
based around a reactor that provides conditions favorable for struvite formation (slightly 
basic pH, sufficient magnesium, ammonia and orthophosphate).  Chemicals to adjust pH 
and/or supplement the feedstock components as needed are included (Marchi et al., 2015).  
There are two major struvite recovery technologies, Ostara™ and NuReSys™ described by 
Britton et al. (2015) and Marchi et al. (2015), respectively.  Many recovery systems include a 
phosphorus release component to release phosphorus from waste activated sludge and divert 
around anaerobic digestion to the phosphorus recovery reactor.  To date, the only known full-
scale phosphorus release system operating in North America is the Waste Activated Sludge 
Stripping to Remove Internal Phosphorus (WASSTRIP™) process.  Figure 2.4 shows a 
process flow diagram for a typical Ostara™ struvite recovery system paired with a 
WASSTRIP™ phosphorus release reactor (Schauer et al., 2011).  The WASSTRIP™ reactor 
is an anaerobic complete mix basin with a typical retention time of 12-24 hours that receives 
EBPR waste activated sludge (WAS) (Britton et al., 2015).  In the phosphorus release 
reactor, phosphorus and magnesium stored in the PAOs from the waste activated sludge is 
released.  In some applications, the WAS is pre-thickened to reduce reactor size and increase 
phosphorus release.  Supplemental carbon may also be added to increase phosphorus release.  
Phosphorus release, defined as effluent orthophosphate/influent total phosphorus, is typically 
25-50 depending on wastewater characteristics and operating parameters with high values 
often requiring pre-thickening and/or carbon addition (Britton et al., 2015).  Chapters 4 and 5 
includes bench and pilot scale evaluations of a new high rate plug flow reactor with a 
smaller, less expensive design that matches or exceeds the performance of current complete 





Figure 2.4 Process flow diagram for a typical phosphorus release and recovery system 
 
 
2.6 Summary and Future Research Needs 
Despite wide-spread adoption of EBPR activated sludge processes at full-scale over 
the past 30 years, issues remain with process upsets and reliability.  Early research often 
focused on lab-scale and synthetic wastewater studies, which have since been shown to skew 
PAO populations compared to full-scale systems (Zeng et al., 2018). In the last 5-10 years 
research has focused on using new molecular biology techniques to better understand the 
underlying mechanisms responsible for EBPR that can characterize microbial communities at 
full-scale conditions.   These recent investigations have led to discovery of new and 
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suspected PAOs.  There is considerable interest in the last several years regarding PAOs 
from the genus Tetrasphaera.  Barnard et al. (2019) and others have proposed an 
“alternative” EBPR mechanism for Tetrasphaera that includes unique traits compared to 
PHA-dependent PAOs such as; fermentation of complex organics, no uptake of short-chain 
fatty acids, glycogen energy storage, and selection by anaerobic conditions with less than -
300 mV oxidation reduction potential.  
To date, relatively little of the microbial research has yet influenced process design 
however there is debate about conditions/processes that may select for Tetrasphaera, its role 
in phosphorus removal and proper sizing of anaerobic zones for EBPR (Barnard et al., 2019; 
Dold and Conidi, 2019).  Recent research has identified conditions that appear to select for 
particular Accumulibacter clades that have varied metabolic properties that could benefit 
various treatment goals (Zeng et al., 2018; Mao et al., 2015).  
New research about competition between GAOs and PAOs appears to support that 
GAOs do not pose a significant problem for EBPR operation at full-scale, contradicting 
earlier lab-scale research that did not correlate with dynamic, full scale conditions (Nielsen et 
al., 2019).   
Struvite recovery at wastewater treatment plants is a new area of EBPR related 
research.  Current practice for the phosphorus release component used in some recovery 
systems is a complete mix anaerobic reactor (Schauer et al., 2011).  There is relatively little 
data about existing phosphorus release performance and opportunity for improvements as 
demonstrated by new high rate phosphorus release reactors described in Chapters 4 and 5.   
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Future research addressing the previously mentioned issues should combine or 
coordinate lab-scale and full-scale studies to determine as realistic and complete picture of 
EBPR performance as possible.  
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CHAPTER 3. BIOLOGICAL PHOSPHORUS REMOVAL AND ITS 
MICROBIAL COMMUNITY IN A MODIFIED FULL-SCALE 
ACTIVATED SLUDGE SYSTEM UNDER DRY AND WET 
WEATHER DYNAMICS 
3.1 Abstract 
Low-cost operational changes to promote enhanced biological phosphorus removal 
(EBPR) for an existing nitrification-only activated sludge system were evaluated in a full-
scale wastewater treatment plant at the Des Moines Metropolitan Wastewater Reclamation 
Facility. Two trains of the activated sludge system were used for the study with one modified 
for EBPR, and the other as a control (nitrification-only) for comparison.  The existing four-
pass plug flow activated sludge basins were modified by decreasing and cycling air flow in 
pass one to create an anoxic/anaerobic zone with periodic mixing of solids.  In addition to 
measuring the modification effectiveness for phosphorus removal, performance was 
compared during dry and wet weather conditions over the course of two summer seasons to 
improve understanding of wet and dry weather dynamics for EBPR.  DNA sequencing and 
qPCR tests were conducted to develop an understanding of microbial population changes 
between control and modified basins and wet and dry weather conditions.  
Basin hydraulic retention times varied from 2.6 to 12.7 hours with an average of 8.9 
hours.  EBPR activity was successfully established in the modified basins with average 
phosphorus content of the waste sludge 3.2 ± 0.2% (95% confidence) compared to 1.6 ± 
0.1% in the control basin.  Phosphorus removal was significantly decreased by wet weather 
conditions, however the modified basin removal of up to 95% and average of 40.5 ± 6.1% 
remained significantly higher than the 11.7 ± 2.8% removal average in the control basins.   
36 
  
DNA sequencing showed a significant increase in relative abundance of phyla 
Chloroflexi, Nitrospirae, and Verrucomicrobia in the modified basins, but no correlation to 
phosphorus removal.  qPCR indicated significant increase in relative quantity of 
Accumulibacter/16S, but not for Actinetobacter-like PAOs, which includes the PAO 
Tetrasphaera.  Significant changes in some Accumulibacter clades were observed including 
higher than expected dominance of clade I and increased relative quantities of clades IIB and 
IIC during extended wet weather that may have contributed to rapid recovery of phosphorus 
removal when dry weather resumed. 
 
3.2 Introduction  
Increasingly stringent wastewater treatment plant (WWTP) effluent phosphorus limits 
have led many utilities to consider a variety of phosphorus removal processes.  Enhanced 
biological phosphorus removal (EBPR) activated sludge has become a common treatment 
process in recent years due to relatively low operating costs and improved environmental 
sustainability compared to chemical phosphorus removal alternatives (Coats et al., 2011c).  
In an EBPR system, cyclic aerobic and anaerobic conditions are employed that encourage 
growth of bacteria called phosphorus accumulating organisms (PAOs) that assimilate excess 
phosphorus to create polyphosphate energy reserves.  When these PAOs with excess 
phosphorus are wasted to solids treatment, the phosphorus content of the final effluent 
discharged to receiving waters is decreased.  An unanticipated side-effect of EBPR is 
increased potential for struvite formation, especially in anaerobic digestion systems where 
conditions promote release of phosphorus and magnesium which are present in greater 
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concentrations in EBPR waste sludge compared to conventional activated sludge systems 
(Fattah, 2012).   
The Des Moines Metropolitan Wastewater Reclamation Authority (WRA) owns and 
operates the Des Moines Wastewater Reclamation Facility (WRF) with average annual flow 
rate of about 67 million gallons per day (MGD) and peak flows over 200 MGD.  The WRA 
recently elected to construct a struvite recovery facility to address struvite precipitation 
problems at the WRF.  WRA plans to implement an EBPR activated sludge process to 
increase the phosphorus content in the waste activated sludge conveyed to the struvite 
recovery system to increase struvite yield.  The WRF currently features a plug-flow activated 
sludge system that was designed in the early 1980’s for complete nitrification.  Instead of 
constructing/modifying new anaerobic (un-aerated with no free oxygen present) and anoxic 
(un-aerated with oxidized nitrogen (NOx) acting as the electron acceptor) zones and 
associated facilities to implement EBPR, low cost operational modifications were developed 
to support EBPR.   
Many past studies related to EBPR have been based on lab-scale and/or synthetic 
wastewater, which have been shown to skew the microbial and PAO populations compared 
to full-scale systems (Zeng et al., 2018).  There remain questions related to full-scale systems 
including the importance and activity of known PAOs, potential for unknown PAOs and the 
activity of the diverse population of microbes present in a full-scale system (Coats et al., 
2017).   
A full-scale study was conducted to evaluate EBPR performance of an existing 
treatment train where pass one was converted into an anoxic/anaerobic zone to create an 
anaerobic/oxic (AO) process (Metcalf and Eddy, 2003).  The anoxic/anaerobic zone was 
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created by adjusting the aeration control system to cycle low air flow with periodic higher air 
flow to maintain minimal mixing. The modified basin to support EBPR was compared to an 
existing control (nitrification-only) treatment train to observe differences.   
Several studies have identified a link between wet weather events and decreased 
activated sludge performance (McMahan, 2006).   During wet weather, EBPR is affected by 
decreased hydraulic retention time and changes in influent wastewater characteristics (Wilen 
et al., 2009).  For treatment plants relying on EBPR to meet a stringent effluent phosphorus 
permit limit, and/or for a reliable source of phosphorus for struvite recovery, wet weather 
conditions may significantly affect operations, regulatory compliance and treatment costs.  
As part of the study, the influence of wet weather conditions on EBPR performance was also 
evaluated over a two-year period in the modified and control basins.   
DNA sequencing (MiSeq) and quantitative polymerase change reaction (qPCR) was 
used to characterize the microbial community of the modified (EBPR) and control 
(nitrification-only) basins and evaluate the influence of wet weather conditions.   
 
3.3 Methods and materials 
3.3.1 Basin modifications for EBPR 
The Des Moines WRF has six plug-flow activated sludge basins, each with four 
passes.  The basins can be isolated into three separate trains.  Each basin has a volume of 
approximately 6.4 million gallons.  Four, 2,000 horsepower, single-stage centrifugal air 
blowers provide diffused air for mixing and aerating the basins.  A 72-inch diameter header 
pipe supplies air to the basins, with branch pipes and drop-legs to each basin pass connected 
to air diffuser grids mounted to the basin floor.  Air flow to each pass is controlled by a 
dissolved oxygen (DO) probe, air flow meter and motorized modulating air control valve.  
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The control valve modulates to maintain a user selectable DO setpoint for each pass.  The 
existing system is operated for complete nitrification (maximized ammonia removal) with all 
passes aerated. 
For the present study, two basins were modified to establish an EBPR process, while 
the remaining basins continued to operate in the same manner as current operations for 
comparison. The modified basin effluent and recycle of activated sludge was separated from 
the control basins.  Pass one of the modified basins was altered by decreasing and cycling air 
flow to create an anoxic/anaerobic zone to promote selection of phosphorus accumulating 
organisms (PAOs).  The aeration was periodically cycled to balance the need for mixing to 
maintain solids in suspension, while minimizing oxygen transfer to promote 
anaerobic/anoxic conditions. Several combinations of low air flow rates with intermittent 
cycles of higher air flows were tested to determine settings that would promote optimized 
anoxic and anaerobic conditions while providing sufficient mixing and to prevent scum or 
foam formation on the water surface.  The air flow was never completely turned off due to 
concerns about potential water and solids intrusion into the aged diffusers and piping which 
is near the end of its service life and may have some cracks.  Anoxic/anaerobic conditions 
were monitored using an oxidation reduction potential (ORP) probe.  The modifications were 
tested over two wet weather seasons; the first from March 27, 2017 to July 31, 2017, and the 
second from May 15, 2018 to August 6, 2018.  Figure 3.1 illustrates the modified and control 
activated sludge basins with dissolved oxygen (DO) targets for each pass.  Following a 
period of testing and adjustments, the aeration cycle settings for each pass were finalized as 
















Table 3.1 Aeration basin air cycle settings  
Location Pass One Pass Two Pass Three Pass Four 
Control 
Basins 
Airflow adjusts to maintain 
DO of approximately 0.5 mg/L 
Airflow adjusts 
to maintain DO 













Cycle: 55 minutes at 60* scfm 
(1.9 scfm/1,000 CF) and 5 
minutes at 580* scfm 
(20.9 scfm/1,000 CF)  
Airflow adjusts 
to maintain DO 
of 0.5 mg/L 
*Approximate values 
 
3.3.2 Laboratory analysis and measurements 
Water quality and operating parameters were frequently monitored to evaluate the 
performance of the activated sludge system and included measurements throughout the 
treatment process.  Chemical constituents and reactor parameters were typically measured a 
minimum of twice per week and preferably three to four times per week during steady state 
conditions to collect sufficient data.  Samples were typically two liter grab and/or 24-hour 
composite samples from locations per Table 3.2.  The water chemistry testing was conducted 












Table 3.2 Laboratory data and operating parameter analysis plan 
Constituent/ 
Operating Parameter Method Reference Sampling Location* 
5-day Biochemical oxygen demand 
(BOD5) 
5210B# A  
Total suspended solids (TSS) 2540D# A, B1, C 
Volatile suspended solids (VSS) 2540E# A, B1, C 
Ammonia-nitrogen (NH3-N) 4500D
# A, B1-B5 
Nitrate-nitrogen (NO3-N) 4500B
# B1-B5 
Total phosphorus (TP) 4110C# and 4500PF# A, B1-B5, C 
Orthophosphate (OP) 4500PE# A, B1-B5 
Flowrate Parshall flume A, C 
Temperature  Hach HQ probe A 
pH Hach HQ probe A, B1-B5, C 
Dissolved oxygen (DO) Hach LDO probe B1-B5 
Airflow rate Plant airflow meter B1-B5 
Oxidation reduction potential (ORP) Hach HQ probe B1-B5 
Note:  # Standard Methods (APHA, AWWA and WEF, 2017)  
 *See Figure 3.1 for locations; A = secondary influent, B1-B5 = aeration basin passes 
C = return/waste activated sludge 
 
 
3.3.3 Microbiological analysis 
Sample Collection 
 Solids samples for microbiological analysis were collected concurrently with water 
chemistry samples.  One-liter grab samples of wastewater and sludges from locations as 
shown in Table 3.1 were mixed and approximately 4 grams of solids extracted using a 
microcentrifuge in two, 2 mL tubes. The samples were centrifuged on site immediately after 






The total microbial DNA of activated sludge samples were extracted using a 
PureLink Microbiome DNA purification kit (Thermo Fisher Scientific Inc., Waltham, MA) 
following the manufacturer’s instructions. The quantity and quality of the DNA extracted 
were verified by measuring the absorbance at 260 nm and 280 nm using the Epoch 2 
Microplate Spectrophotometer and the Take 3 plate (BioTek Instruments Inc., Winooski, 
VT). Extracted DNA samples were used as template DNA in quantitative PCR (qPCR) and 
submitted to the Iowa State University (ISU) DNA Facility for MiSeq analysis.   
 
qPCR of PAO-related (polyphosphate kinase 1) genes 
Relative quantification by qPCR targeting the polyphosphate kinase 1 gene (ppk1) 
and specific regions of 16S rRNA genes, as well as 16S rRNA targeting total bacteria for 
normalization (primers reported in Table 3.3) were performed using the CFX Connect Real-
Time PCR Detection system and SsoAdvanced Universal SYBR Green Supermix (Bio-Rad 
Laboratories, Hercules, CA). Primers specific to Tetrasphaera were not available and the 
method used by Okunuki et al. (2007) was used to select for Tetrasphaera and closely related 
bacteria in phylum Actinobacteria and denoted herein as “Actinobacterial phosphorus 
accumulating organisms” (APAOs).  qPCR conditions used were 98°C for 3 minutes (min) 
followed by 40-45 cycles of 15 seconds (s) at 98°C and 30 s at the appropriate annealing 
temperature (Table 3.3), with a dissociation step at the end for quality control.  All samples 
were run at PCR efficiencies of 80% or higher. Calculations for relative quantification were 
performed following Pfaffl (2001). Serial dilutions of a random DNA sample were prepared 
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and used as standards to determine the PCR efficiency of each primer set. Results were 









Table 3.3 Primer information for qPCR analysis 




ppk1 gene of 
Accumulibacter clade I 
GACGAAGAAGCGGTCAAG AACGGTCATCTTGATGGC 61 
He et al., 2007 
ppk1 gene of 
Accumulibacter clade IIA 
AGTTCAATCTCACCGAGAGC GGAACTTCAGGTCGTTGC 61 
ppk1 gene of 
Accumulibacter clade IIB 
GATGACCCAGTTCCTGCTCG CGGCACGAACTTCAGATCG 61 
ppk1 gene of 
Accumulibacter clade IIC 
TCACCACCGACGGCAAGAC CCGGCATGACTTCGCGGAAG 66 
ppk1 gene of 
Accumulibacter clade IIC 
excluding OUT NS D3 
GAACAGTCCGCCAACGACC ACGATCATCAGCATCTTGGC 63 
ppk1 gene of 
Accumulibacter clade IID 
GGGTATCCGTTTCCTCAAGCG GAGGCTCTTGTTGAGTACACGC 63 
16S rRNA genes of 
Accumulibacter 
CCAGCAGCCGCGGTAAT GTTAGCTACGGCACTAAAAGG 65 
16S rRNA genes of 
Actinobacterial PAOs  
(Includes Tetrasphaera) 
ATTACCGCGGCTGCTGG ATTACCGCGGCTGCTGG 65 
Okunuki et al., 
2007 
Non-specific 16S rRNA 
gene for total bacteria 






Illumina MiSeq analysis 
Library preparation and MiSeq sequencing were performed at the Iowa State DNA 
Facility. In brief, library preparation was carried out by PCR to attach unique barcodes to 
each sample using the following primers: 16S V4 region 515F (5’- 
AATGATACGGCGACCACCGAGATCTACACGCTXXXXXXXXXXXXTATGGTAATT
GT GTGYCAGCMGCCGCGGTAA -3’), 806R (5’- 
CAAGCAGAAGACGGCATACGAGATAGTCAGCCAGCCGGACTACNVGGGTWTCT
AAT -3’). The program was as follows: 3 min at 94°C, followed by 35 cycles of 45 s at 
94°C, 1 min of annealing at 50°C, and 90 s of primer extension at 72°C and then a final 
extension of 10 min at 72°C. An equal amount of amplicon from each sample (240 ng) were 
combined into a single tube. The pooled amplicon sample was cleaned using a QIAquick 
PCR Purification kit (QIAGEN, Hilden, Germany). Libraries were loaded onto the Illumina 
MiSeq (Illumina, San Diego, CA) and analyzed using a 250×250 MiSeq sequencing run.  
 
16S rRNA gene sequence analysis 
Bioinformatic analysis of MiSeq results were conducted at the ISU Genome 
Informatics Facility. In brief, the QIIME2 (version 2018.11.0) pipeline was used for the 
microbiome analysis of the raw DNA sequencing data generated from MiSeq (Caporaso, 
Kuczynski, et al., 2010). Before processing, the reads were individually saved with the 
sample name and replicate number. The forward and reverse reads for each sample were 
imported in Qiime2 and demultiplexed. Reads were joined, denoised and binned into 
operational taxonomic units (OTU) using Dada2 (Callahan, et al., 2016).   Reads were only 
retained if they matched the target size of the V4-V5 primer (515-806bp). MAFFT (Katoh, et 
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al., 2013) was used for alignment. Taxonomic assignment was performed using Greengenes 
database (release13-8) from 515F/806R region of sequences (McDonald, et al., 2012). The 
approximately-maximum-likelihood phylogenetic tree was then generated using FastTree 
2.1.3 (Price, Dehal, and Arkin, 2010). After the OTU picking, the alpha and beta diversity 
analysis was carried out using UniFrac method (Lozupone, et al., 2011). For sampling depth, 
the lowest number of reads among all samples was used. 
 
3.4 Results and Discussion 
Note: See Appendix A for complete data set.  
3.4.1 Enhanced biological phosphorus removal performance 
The secondary influent characteristics during the study were within typical values for 
municipal wastewater, although they were diluted during wet weather conditions (Table 3.4). 
  Figure 3.2 shows the daily average flow rate and activated sludge basin hydraulic 
retention time (HRT) and illustrates the variety of flow conditions during the test period.  
Accounting for return activated sludge flow rates, the daily average total HRT ranged from 
2.6 hours to 12.7 hours with average of 8.9 hours.  The average HRT was slightly longer than 
typical design values of 4 to 8 hours for nitrifying activated sludge system, like the control 
basins (Metcalf and Eddy, 2003).  The daily average HRT of the anaerobic/anoxic zone 
portion of the modified basin ranged from 0.6 hours to 3.2 hours with average of 2.2 hours 
and the aerobic portion of the modified basin ranged from 1.9 to 9.5 hours with average of 
6.7 hours.  These values were similar or longer than the typical design values for an 
anaerobic-oxic (A/O) EBPR system of 0.5-1.5 hours for the anaerobic/anoxic zone and 1-3 




Table 3.4 Summary of daily average secondary influent characteristics during study 
Parameters 
Average Day Maximum Day 
Typical 
Municipal 
Wastewater# 2017 2018 2017 2018 
Flowrate      
Influent, MGD 73.1 90.3 135.2 264.9 N/A 
Return Sludge, MGD 










      
BOD5      
Concentration, mg/L 129.3 106.6 235.0 194.0 60-170 
Load, lb/day 78,828 80,280 133,083 107,592 N/A 
      
TSS      
Concentration, mg/L 87.7 79.8 144.0 120.0 45-130 
Load, lb/day 53,466 60,098 162,406 117,837 N/A 
      
Ammonia      
Concentration, mg/L 26.9 18.3 28.0 33.8 12-45 
Load, lb/day 16,400 13,782 37,674 33,382 N/A 
      
Total Phosphorus      
Concentration, mg/L 7.1 5.1 13.1 9.1 4-12 
Load, lb/day 4,328 3,840 4,286 5,463 N/A 
      
Orthophosphate      
Concentration, mg/L 3.7 3.2 8.0 5.6 2-6 
Load, lb/day 2,255 2,410 3,045 3,730 N/A 











Figure 3.2 Secondary influent flowrate and activated sludge basin total HRT 








EBPR activity was observed in the modified basins during 2017 and 2018 as 
indicated by several parameters described below.  No significant EBPR activity was 
observed in the control basins in 2017 or 2018.   
Figure 3.3 shows phosphorus removal varied but was significantly higher in the 
modified basins (average 40.5 ± 6.1% (95% confidence)) compared to the control basins 
(average 11.7 ± 2.8%). A t-test indicated significance at 95% confidence (t(105) = -8.52, p = 
1.28E-13) where degree of freedom=105, t-value=-8.52, and p-value=1.28E-13.  These 
findings demonstrate EBPR was successfully established in the modified basins.  The 
average phosphorus removal for both control and modified basins was decreased below 
typical values by the extended period of wet weather.   
Waste activated sludge phosphorus content in the modified basin ranged from 
approximately 0.025 to 0.045 mg TP/mg TSS during periods of EBPR activity and dropped 
to about 0.15 during prolonged wet weather in 2018.  The phosphorus content was 
significantly lower in the controls basins, ranging from about 0.01 to 0.02 mg TP/mg TSS as 
shown in Figure 3.4 (t(146) = -13.40, p = 3.24E-27).  Two other studies investigating 
conversion of aeration systems for existing activated sludge systems to EBPR processes 
reported similar sludge phosphorus content ranging from 0.028 to 0.036 and 0.020 to 0.043 
mg TP/mg TSS (Cao et al., 2009; Qin et al., 2014).  Values above approximately 0.030 up to 
a practical maximum of 0.070 mg TP/mg TSS indicate EBPR activity (Droste, 1997).  The 
previously referenced sludge phosphorous content values and measurements from the current 
work are all in the lower range for EBPR systems; suggesting modification of activated 
sludge systems to support EBPR are not as efficient as purpose-built designs.  However, 
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when the high cost of a new EBPR facility is considered, conversion of existing activated 
sludge systems may still be desirable when moderate EBPR performance is sufficient.  
 
 
Figure 3.3 Phosphorus removal in control (nitrification) and modified (EBPR) activated 





Figure 3.4 Phosphorus content of waste activated sludge in control (nitrification) and 
modified (EBPR) basins.   
 
 
Figure 3.5 shows an example of the cyclic release and net uptake of orthophosphate 
in the anaerobic/anoxic zone (pass one) and aerobic zones (passes two – four), which are 
characteristic of EBPR (WEF, 2005).  Table 3.5 shows measured phosphorus uptake and 
release rates compared with reported values, including systems modified for EBPR and 
systems originally built for EBPR.  The phosphorus uptake and release rates for existing 
activated sludge systems modified to EBPR processes were on the low end of the range of 
reported values, particularly for release rates.  The reduced performance of modified 
anaerobic zones is likely caused by several factors; 1) insufficient volume (retention time), 2) 
un-optimized configuration, and 3) dissolved oxygen introduced by aeration mixing. 
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When converting an existing system to EBPR, the volume of existing basins available 
to be converted to anaerobic zones may be less than ideal.  When the volume is too small 
there is not enough retention time to establish adequate anaerobic conditions for VFA 
production and phosphorus release.  Unfortunately, there are few options to mitigate 
decreased performance from a small anaerobic zone.  The return activated sludge flow rate 
could be reduced to decrease nitrate load to the anaerobic zone.  Mixing systems designed to 
reduce air entrainment and promote anaerobic conditions could also be considered.   
Conversion of existing facilities may not permit use of optimized basin 
configurations.  For example, in the present study the modification of existing Pass One 
created a large combined anoxic and anaerobic zone.  No walls or baffling were installed to 
separate the zones and it is likely that the “boundary” of the anoxic/anaerobic zones was 
variable based on flow rate, nitrate load from return activated sludge, and other conditions all 
of which decreased performance of the anaerobic zone and phosphorus release. To overcome 
decreased performance of a single anoxic/anaerobic zone, increased size of the zone could be 
considered.   
Use of existing aeration systems to provide mixing for a modified anaerobic zone 
such as the present study or as reported by Qin et al. (2014) introduces dissolved oxygen 
resulting in decreased anaerobic conditions.  The air flow rates used for pass one mixing (1.9 
continuous and periodic brief cycle of up to 20.1 SCFM/1,000 CF) were considerably lower 
than recommended values (minimum 10 to 15 SCFM/1,000 CF continuous) (US EPA, 1998; 
Metcalf and Eddy, 2003) however were demonstrated to be adequate to maintain solids 
mixing.  The low mixing energy in pass one raised concerns of solids deposition by treatment 
plant staff and at the end of the study the basins were drained for inspection.  Solids 
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deposition was observed in pass one, however solids were removed by slowly cycling normal 
air flow rates through the diffuser system over the course of a day.  The solids deposited in 
pass one during cycle aeration likely improved treatment performance by partially 
fermenting and releasing volatile fatty acids consumed by PAOs as part of the phosphorus 
release process.  Installation of mechanical mixing systems in place of air mixing could be 
considered, however the cost of new equipment may not be justified if the performance of 
aeration mixing is adequate for a given application.   
 
Figure 3.5 Typical orthophosphate release and uptake cycle in control (nitrification) and 






Table 3.5 Comparison of orthophosphate uptake and release rates 
Orthophosphate 
Release 
(mg OP/g VSS-hr) 
Orthophosphate 
Uptake 
(mg OP/ g VSS-hr) Note/Reference 
0.08 ± 0.08 
Pass 2: 0.01 ± 0.02  
Pass 3: 0.02 ± 0.06  
Pass 4: 0.002 ± 0.07  
 Total 2-4: 0.01 ± 0.12 
Control (nitrification-only) basin, 
present study 
(95% Confidence) 
1.9 ± 0.35 
Pass 2: 1.29 ± 0.27  
Pass 3: 0.90 ± 0.20  
Pass 4: 0.18 ± 0.07  
Total 2-4: 0.70 ± 0.12 
Modified (EBPR) basin, present study 
(95% Confidence) 
0.78 – 2.04 0.90 to 1.44 
Existing activated sludge modified to 
EBPR (Qin et al., 2014) 
3.9 1.0  
Existing activated sludge modified to 
EBPR (Cao et al., 2009) 
0.22 – 1.81 
Aerobic: 0.39-4.07 
Anoxic: 0.28-1.78 
Batch tests with wastewater from five 
full-scale facilities 
(Zeng et al., 2018) 
0.22 – 7.9 
Aerobic: 0.43-8.11 
Anoxic: 0.00-3.45 
Survey of ten full-scale facilities  




Membrane bioreactor pilot plant,  




Batch tests with wastewater from two 
full-scale facilities 




Batch tests with wastewater from seven 
full-scale facilities 
Lopez-Vazquez et al., 2008 
11.1 1.1 
Batch tests with wastewater from five 
full-scale facilities 




Batch tests with wastewater from full-
scale facility 







Table 3.6 summarizes parameters of interest related to EBPR performance and Table 
3.7 shows results of t-tests indicating significant differences between the control and 
modified basins.  These data indicated that no significant EBPR activity was observed in the 
control basins however moderate EBPR activity was successfully established in the modified 
basins. Nitrification was slightly decreased in the modified basin, likely due to decreased 
aerated volume and retention time.   
Although the original objective of the study was to establish EBPR to support a 
struvite recovery system, the activated sludge basin modifications also demonstrate a low-





Table 3.6 Activated sludge parameters and performance (average ± 95% confidence interval) 
Parameter Control Basins Modified Basins 
Aeration Basin HRT*   
Anaerobic/Anoxic, hours N/A 2.2 ± 0.1 
Aerobic, hours 8.9 ± 0.1 6.7 ± 0.3 
Total, hours 8.9 ± 0.1 8.9 ± 0.3 
TSS, mg/L 3,449 ± 114 3,063 ± 106 
VSS, mg/L 2,571 ± 112 2,344 ± 79 
DO, mg/L   
Pass One 0.3 ± 0.03 0.1 ± 0 
Pass Two 0.6 ± 0.02 0.6 ± 0 
Pass Three 1.2 ± 0.06 1.1 ± 0.1 
Pass Four 3.1 ± 0.15 2.5 ± 0.1 
ORP, mV   
Pass One 59.2 ± 7.3 -127.4 ± 13.8 
Pass Two 142.4 ± 5.2 99.7 ± 6 
Pass Three 183.3 ± 5.4 176.9 ± 5.7 
Pass Four 247.6 ± 7.5 182.2 ± 9.3 
Ammonia, mg/L-N   
Pass One 22.5 ± 3.3 16.8 ± 3.2 
Pass Two 11.5 ± 1.6 10.2 ± 3 
Pass Three 1.4 ± 0.3 4 ± 2 
Pass Four 0.5 ± 0.2 0.9 ± 0.3 
Nitrate, mg/L-N   
Pass One 0.7 ± 0.3 0.9 ± 0.2 
Pass Two 4.0 ± 0.6 6.7 ± 1.3 
Pass Three 15.3 ± 2.4 17.8 ± 2.9 
Pass Four 22.2 ± 3.1 20.4 ± 2.7 
Orthophosphate, mg/L-P   
Pass One 3.5 ± 0.4 13.8 ± 1.9 
Pass Two 3.4 ± 0.4 8.0 ± 1.3 
Pass Three 3.2 ± 0.3 3.0 ± 0.4 
Pass Four 3.2 ± 0.2 2.1 ± 0.2 
Waste Sludge Phosphorus 
Content, mg P/mg TSS 
1.3 ± 0.1 3.2 ± 0.2 
Phosphorus Removal, % 11.7 ± 2.8 40.5 ± 6.1 

















Freedom T-value P-value 
Pass One HRT, Hr 2.17 2.17 420 -0.05 0.96 
Basin MLSS, mg/L 3,560 3,003 418 7.09 5.5E-12* 
Pass One ORP, mV 61.5 -129.5 112 24.13 3.4E-46* 
Pass One DO, mg/L 0.30 0.13 382 10.27 5.0E-22* 
Waste sludge TP/TSS 0.016 0.032 146 -13.40 3.2E-27* 
Ammonia Removal, % 97.4 93.3 44 1.79 0.079# 
Orthophosphate 
Removal, % 
12.8 39.1 106 -8.33 3.18E-13* 
Orthophosphate Release (-) and Uptake (+) Rate, mg OP/g VSS-hour 
Pass One (Anaerobic)  0.057 -1.78 89 -9.35 2.24E-14* 
Pass Two (Aerobic) 0.055 1.24 73 -8.70 1.99E-13* 
Pass Three (Aerobic)  0.024 0.87 75 -8.07 8.81E-4* 
Pass Four (Aerobic)  -0.015 0.18 96 -5.27 8.32E-7* 
 Pass Two-Four 
(Total Aerobic) 0.050 0.67 131 -9.29 4.35E-16* 
*Indicates significant difference at 95% confidence level 




3.4.2 Influence of wet weather on EBPR 
Operation of EBPR systems is complicated by its sensitivity to changes in operating 
parameters and/or wastewater characteristics (McMahan, 2006).  Many treatment facilities 
experience wet weather (peak flow) related issues, which can be a problem for EPBR by 
changing wastewater characteristics and/or reducing basin retention times.  Poor solids 
settling or washout in clarifiers is often a problem for activated sludge based treatment 
(Daigger et al., 2017). Wet weather can significantly impact the ability to meet effluent 
phosphorus limits, particularly short term (daily, weekly, monthly) limits.  Understanding the 




Wet weather activity varied significantly during the two test periods with daily 
average influent flow rates ranging from 46 MGD to 264 MGD, with average of 79 MGD.  
The typical annual average flowrate for the WRF is approximately 67 MGD.  Wet weather 
events during the first year of testing were near average intensity as reflected by plant 
influent flow rates.  Conditions during the second year of testing were significantly wetter 
than typical with an extended period of wet weather including one of the highest daily plant 
influent flow rates of record.   
Wet weather conditions for the WRF were defined by plant influent flow rates above 
80 MGD, resulting in a total basin and anaerobic/anoxic zone HRT of less than about 8.4 and 
2.1 hours respectively.  The measured secondary influent characteristics for dry and wet 





























Flowrate     
Influent, MGD 64.9 106.6 N/A N/A 
Return Sludge, MGD# 19.5 (30%) 42.6 (40%) N/A N/A 
     
BOD5     
Concentration, mg/L 136.8 84.1 60-170 30-90 
Load, lb/day 74,054 74,816 N/A N/A 
     
TSS     
Concentration, mg/L 87.1 78.1 45-130 90-195 
Load, lb/day 47,141 69,447 N/A N/A 
     
Ammonia     
Concentration, mg/L 27.6 15.1 12-45 3-15 
Load, lb/day 14,968 13,407 N/A N/A 
     
Total Phosphorus     
Concentration, mg/L 7.3 3.6 4-12 1-4 
Load, lb/day 3,957 3,220 N/A N/A 
     
Orthophosphate     
Concentration, mg/L 4.1 2.1 2-6 0.5-2 
Load, lb/day 2,219 1,867 N/A N/A 
*(Metcalf and Eddy, 2003); #return sludge flow/influent flow expressed as percent 
 
 
Figure 3.6 shows ORP in Pass One of the modified basins generally decreased as the 
HRT in the anaerobic zone increased and ranged from about 0 to -200 mV, and below -100 
mV during dry weather conditions.  Values between approximately -100 and -225 mV are 
desirable for EBPR and considered amenable to fermentation, volatile fatty acid production 
and phosphorus release (Gerardi, 2007).  The OPR in pass one of the control basin did not 
significantly change as HRT increased because the air control system automatically added 
more air to maintain the DO setpoint for an aerobic condition.  
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Figure 3.7 shows phosphorus release in Pass One of the modified basins was similar 
to the control basin during wet weather conditions when the HRT was below about 1.5 hours.  
When modified basin Pass One HRT increased above about 1.5 hours, phosphorus release 
was variable, but steadily increased with increased HRT.  The longer HRT resulted in more 
time for anaerobic conditions to be established that support phosphorus release from PAOs.  
Previous lab-scale work demonstrated optimal anaerobic HRT of 2-3 hours (Brown et al., 
2011).  No significant changes in phosphorus release were observed in the control basin, as 
expected for a non-EBPR system. 
Table 3.9 summarizes activated sludge performance in the control and modified 
basins for wet and dry weather conditions.  Table 3.10 shows that there were statistically 
significant differences in EBPR related performance parameters between wet and dry 
weather conditions.  
   
 
Figure 3.6  Oxidation reduction potential for pass one of control (nitrification) and modified 





Figure 3.7  Mixed liquor orthophosphate content for pass one of control (nitrification) and 









Table 3.9 Wet and dry weather activated sludge parameters and performance  
Parameter Average 
Control Basins Modified Basins 
Dry Weather 
Wet 
Weather Dry Weather 
Wet 
Weather 
Aeration Basin HRT     
Anaerobic/ 
Anoxic, hours 
N/A N/A 2.5 ± 0.1 1.6 ± 0.1 
Aerobic, hours 10.0 ± 0.4 6.4 ± 0.3 7.5 ± 0.3 4.8 ± 0.2 
Total, hours 10.0 ± 0.4 6.4 ± 0.3 10.0 ± 0.4 6.4 ± 0.3 
TSS, mg/L 3,485 ± 164 3,697 ± 190 3,070 ± 184 2,874 ± 215 
VSS, mg/L 2,744 ± 140 3,053 ± 376 2,406 ± 142 2,161 ± 163 
DO, mg//L     
Pass One 0.3 ± 0.05 0.3 ± 0.04 0.1 ± 0.06 0.2 ± 0.04 
Pass Two 0.6 ± 0.02 0.6 ± 0.04 0.7 ± 0.04 0.5 ± 0.03 
Pass Three 1.3 ± 0.3 1.3 ± 0.1 1.1 ± 0.04 1.1 ± 0.08 
Pass Four 3.1 ± 0.3 3.3 ± 0.2 2.4 ± 0.2 2.8 ± 0.2 
ORP, mV     
Pass One 56 ± 10 68 ± 12 -146 ± 18 -79 ± 25 
Pass Two 142 ± 17 144 ± 9 105 ± 18 89 ± 8 
Pass Three 182 ± 16 184 ± 10 178 ± 14 179 ± 10 
Pass Four 244 ± 17 252 ± 10 179 ± 9 200 ± 13 
Ammonia, mg/L-N     
Pass One 27.0 ± 3.0 13.6 ± 2.5 19.2 ± 2.1 10.9 ± 2.7 
Pass Two 13.5 ± 1.6 7.4 ± 1.3 10.3 ± 1.4 7.9 ± 4.4 
Pass Three 1.5 ± 0.5 1.1 ± 0.4 3.7 ± 1.2 4.3 ± 3.4 
Pass Four 0.5 ± 0.4 0.5 ± 0.4 0.8 ± 0.2 1.3 ± 0.8 
Nitrate, mg/L-N     
Pass One 0.8 ± 0.2 0.7 ± 0.3 0.8 ± 0.3 0.8 ± 0.2 
Pass Two 4.7 ± 1.1 3.4 ± 0.8 7.6 ± 0.9 4.6 ± 1.1 
Pass Three 18.7 ± 3.3 9.5 ± 2.0 20.3 ± 2.4 12.2 ± 2.4 
Pass Four 25.5 ± 2.4 14.3 ± 2.2 23.5 ± 2.5 13.7 ± 2.6 
Orthophosphate, 
mg/L-P     
Pass One 4.3 ± 0.5 2.2 ± 0.7 17.7 ± 3.5 5.4 ± 1.7 
Pass Two 4.2 ± 0.5 1.7 ± 0.6 10.3 ± 2.4 3.2 ± 1.0 
Pass Three 3.8 ± 0.2 1.9 ± 0.5 3.4 ± 0.7 2.3 ± 0.5 
Pass Four 3.6 ± 0.2 2.3 ± 0.4 2.1 ± 0.7 2.0 ± 0.4 
Waste sludge 
phosphorus content, 
mg P/mg TSS 1.7 ± 0.2 1.6 ± 0.2 3.3 ± 0.2 2.7 ± 0.4 
Orthophosphate 
removal, % 14.3 ± 4.4 10.6 ± 4.9 48.3 ± 11.4 16.8 ± 7.8 

















Freedom T-value P-value 
Pass One HRT, Hr      
Control Basin 2.5 1.6 209 -18.41 1.30E-45* 
Modified Basin 2.5 1.6 159 -18.55 1.27E-41* 
Pass One ORP, mV      
Control Basin 59.2 66.3 78 0.96 0.34 
Modified Basin -156 -79 37 5.52 2.77E-6* 
Pass One DO, mg/L      
Control Basin 0.31 0.31 208 0.22 0.83 
Modified Basin 0.09 0.18 208 -4.28 2.88E-5* 
Waste sludge TP/TSS      
Control Basin 0.017 0.016 35 0.77 0.45 
Modified Basin 0.033 0.027 48 2.90 0.0057* 
Ammonia removal, %      
Control Basin 97.8 96.5 49 1.63 0.11 
Modified Basin 96.3 89.2 18 1.41 0.18 
Pass One Orthophosphate/TSS      
Control Basin 0.14 0.11 64 1.36 0.18 
Modified Basin 0.0037 0.0011 59 7.29 8.78E-10* 
Orthophosphate release (-) and 
Uptake (+) Rate, mg/g VSS-hour 
     
           Pass one (Anaerobic)      
Control Basin -0.14 -0.038 54 -1.17 0.25 
Modified Basin 2.51 0.60 79 6.72 2.42E-9* 
           Pass two-four (Total Aerobic)      
Control Basin 0.049 -0.045 31 1.23 0.23 
Modified Basin 0.88 0.27 87 5.72 1.47E-7* 






3.4.3 Microbiological observations 
DNA Sequencing (MiSeq) Results  
The relative abundance of phyla represented by 16S rRNA gene sequences was 
measured in the waste activated sludge of the control and modified basins.  Figure 3.8 shows 
phyla with relative abundance greater than 1% for the control and modified aeration basins 
and compared with basin phosphorus removal.  The dominant phyla (Proteobacteria 
Bacteroidetes, and Chloroflexi) were consistent with other activated sludge studies (Ferrera 
and Sanchez, 2016).  There was a significant difference in the relative abundance of three of 
the measured phyla (Chloroflexi, Nitrospira, and Verrucomicrobia) between the control and 
modified aeration basins (Table 3.11).  The abundance of microbes appears to be based 
primarily on treatment plant configuration, location (geography), and to a lesser extent to 
organic loading (Ferrera and Sanchez, 2016).   
Chloroflexi are filamentous bacteria typically abundant in wastewater treatment 
plants. There does not appear to be significant difference in their physiology, although some 
data indicates they are involved with polysaccharide and protein degradation (Nielsen et al., 
2010).  Nitrospirae includes microbes important to wastewater treatment, such as the genus 
Nitrospira which are the majority of nitrite oxidizing bacteria in many treatment plants 
(Nowka et al., 2015).  Cydzik-Kwiatkowska and Zielinska (2016) noted research that low 
dissolved oxygen and short SRT favors growth of Nitrospira.  Perhaps the slightly decreased 
dissolved oxygen in the modified basin contributed to the increase in Nitrospira.  
Verrucomicrobia is frequently detected however their function in activated sludge is not well 
known (Seviour and Nielsen, 2010).  
Phosphorus removal varied significantly in the modified basin, however there was no 
significant correlation with phyla relative abundance.  During an extended period of high 
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flow conditions in 2018, there was little to no measurable phosphorus removal or EBPR 
activity in both control and modified basins. Phosphorus removal was re-established late in 
the 2018 testing however there was no or only minor changes in relative abundance of phyla 
indicating no significant correlation between phyla relative abundance and phosphorus 
removal or wet weather conditions.   
MiSeq data showed relative abundance of PAO genera Accumulibacter was very 
small in the control basins (0-0.22%) and while increased in the modified basins (0-0.37%), 
remained smaller than most reported values (0.8-7.4%; average 3.5% (Zeng et al., 2018).  
Contrary to many lab-scale studies, studies of full-scale systems reported no correlation 








Figure 3.8  Relative abundance of phyla in control (nitrification) and modified (EBPR) basins 
(2017 Day 1: March 27, Day 127: July 31; 2018 Day 1: May 15, Day 84: August 6) 
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Abundance (%) t-Stat p-Value 
Acidobacteria 1.14 1.44 1.69 0.14 
Actinobacteria 1.14 1.12 -0.084 0.94 
Bacteroidetes 28.14 28.40 0.14 0.89 
Chloroflexi 5.24 6.55 3.19 0.019* 
Firmicutes 2.84 2.69 -0.28 0.79 
Nitrospirae 0.084 0.33 3.75 0.0095* 
Proteobacteria 51.77 50.22 -0.73 0.49 
Verrucomicrobia 2.72 2.40 -2.90 0.027* 
 *Significant at 95% confidence level 
Figure 3.9 shows the relative quantity of the two (known) predominant PAOs found 
in wastewater treatment facilities; Candidatus Accumulibacter (Accumulibacter) and 
Tetrasphaera, which are a significant part of the Actinetobacter-like PAOs (APAOs) 
category shown in the figure (Nielsen et al., 2019).  The relative quantity of Accumulibacter 
significantly increased in the modified basins in 2017 and 2018 compared to the control 
basins (Table 3.12).  Accumulibacter showed modest correlation with phosphorus removal in 
2017, but less so in 2018 when EBPR was disrupted by wet weather (R2=0.43 and 0.11).  
This low correlation supports recent research by Coats et al. (2017) that full-scale systems 
often have no significant correlation between PAOs and phosphorus removal, contrary to 
early bench scale tests.  The relative quantity of APAOs did not significantly vary in either 
control or modified basins in 2017 or 2018 and showed no significant correlation with 
phosphorus removal for either year (R2=0.0054 and 0.091).   
The trends in phosphorus removal and PAOs observed during extended wet weather 
in 2018 may have been caused by variation in influent wastewater characteristics, often 
dilution of organics and variable up and down solids concentrations as material is “flushed” 
from the sewers to the treatment plant.  The decreased influent organics may have decreased 
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microbial activity and phosphorus removal activity.  The diluted influent phosphorus may 
have encouraged PAOs to adopt a GAO metabolism as proposed by Muszynski and 
Milobedzka (2015) and Acevedo et al. (2017) that sustained the bacteria during stressed 
conditions and may explain the fact recovery in phosphorus removal when dry weather 
conditions resumed.  Decreased HRT during wet weather also likely played a role in 
decreased phosphorus release and previously noted.  
Figure 3.10 shows Accumulibacter clades in the control and modified basins 
measured by qPCR.  The six targeted clades were present in all samples and the ranking of 
each clade was generally consistent over each year.  However, there were differences in the 





Figure 3.9 Relative quantity of Accumulibacter/16S and Actineobacter-like PAOs/16S and 
phosphorus removal in control (nitrification) and modified (EBPR) activated sludge basins 




Figure 3.10 Relative quantity of Accumulibacter clades and phosphorus removal in control 






    Table 3.12 Comparison of Control and Modified Basin Relative Quantity (t-test results) 
 2017 Results  2018 Results 









Basin t-value p-value 
Clade I/16S 6.28E-05 5.56E-05 0.61 0.55 8.47E-4 7.87E-4 0.55 0.59 
Clade IIA/16S 1.31E-03 8.48E-03 -4.95 2.13E-4 5.56E-3 1.14E-2 -3.64 0.0012 
Clade IIB/16S 9.64E-05 1.45E-03 -3.96 0.0016 5.33E-4 2.37E-3 -4.01 0.0020 
Clade IID/16S 7.73E-05 2.89E-03 -3.14 0.0079 8.41E-5 9.10E-5 -0.28 0.78 
Clade IIC-beta/16S 1.81E-06 3.08E-06 -1.73 0.10 2.68E-5 3.13E-5 -1.26 0.22 
Clade IIC/16S 3.27E-04 4.32E-03 -3.89 0.0019 3.83E-4 3.04E-3 -4.49 0.00092 















Relative quantity of Accumulibacter clades IIA and IID increased in the modified 
basins in 2017.  An extended period of wet weather in 2018 coincided with significant 
increase in Clades IIB and IIC in the modified basins that was not observed in the control 
basins.  
Despite many studies of EBPR processes, correlation of Accumulibacter clades to 
nutrient removal performance at full scale facilities is not clear (Nielsen et al., 2019; Zeng et 
al., 2018).  Most research regarding Accumulibacter clades have used lab-scale reactors, 
synthetic wastewater and PAO-enriched cultures which have promoted selection of clades 
IA, IC, IIA and IID (Flowers et al., 2013; He et al., 2007; Wexler et al., 2009).  Study of full-
scale treatment systems has shown significant differences in Accumulibacter clades 
compared to lab-scale work.  Several studies have shown type II clades predominate in full-
scale systems with reduced abundance of type I, opposite of many lab-scale studies (Zeng et 
al., 2018; Mao et al., 2015).  In the present work clade I was second from lowest in order of 
abundance in 2017, but significantly higher in 2018 for both control and modified basins, 
differing from reported literature.  Several studies have reported clade type I are denitrifying 
PAOs, capable of nitrate reduction while clade type II are not able to reduce nitrate (Acevedo 
et al., 2012; Flowers et al., 2009; Kim et al., 2013a).  However, much of the work on 
denitrifying PAOs is based on lab-scale testing, synthetic or partially synthetic wastewater 
and should be verified with pilot or full-scale testing with real wastewater.   
Zeng et al. (2018) noted studies reporting increased diversity of Accumulibacter 
clades may improve the stability of the treatment process.  For the present work, perhaps the 
diverse population of Accumulibacter clades, particularly increased relative quantity of 
clades IIC and IID during extended wet weather conditions in 2018 contributed to the rapid 
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recovery of phosphorus removal when drier conditions resumed.  The increased relative 
quantity during wet weather was unexpected, as wet weather has typically been associated 
decreased microbial diversity (Sato et al., 2016). 
 
Influencing Microbial Communities 
Previous studies of wet weather influence on activated sludge reported significant 
changes in the microbial community, typically decreased diversity.  Sato et al. (2016) noted 
two wet weather factors that contribute to changes in microbial communities, 1) physical 
washout of microbes from the system and 2) dilution which decreased substrate 
concentration.  Influent concentrations during wet weather are often highly variable (Strickler 
et al., 2003).  In the present study during an extended period of wet weather, there was no 
significant change in phyla relative abundance however, there were changes in relative 
quantity of Accumulibacter/16S and several Accumulibacter clades.   
As understanding of microbial communities present in wastewater treatment systems 
improves, engineers and plant operators would benefit from development of methods to 
promote particular microbes to benefit treatment performance.  The conditions within a 
wastewater treatment process can change quickly due to varied influent wastewater 
characteristics and flow rate.  Although there is usually little that can be done to change 
influent characteristics, providing supplemental carbon sources can address deficiencies in 
the influent.  Nielsen et al. (2010) developed a conceptual microbial ecosystem model with 
substrate specificity (such as proteins, lipids or carbohydrates) for different microbes.  
Promoting certain groups of bacteria can cause problems however.  For example, methanol is 
a common supplemental carbon source to promote denitrifiers, however these bacteria 
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require acclimation to methanol and abruptly stopping methanol feed such as during an 
equipment failure could result in treatment upset (Hallin et al., 1996; WEF, 2005).  
Maintaining a diverse microbial community that can quickly adapt to varied conditions likely 
results in a reliable and resilient treatment process (Curtis et al., 2003).   
Bixio et al. (2001) noted that wet-weather related dilution of influent wastewater can 
decrease fermentation activity by up to 50%.  To counter the decreased fermentation 
performance, configuring the process to have a sidestream fermenter, or step-feed influent 
may be beneficial.  Modifying a plug-flow basin to utilize step feed, where influent is 
introduced at one or more locations downstream of the initial portion of the basin was 
originally envisioned as a method to balance aeration demand but has also been shown 
capable of significantly increasing wet weather treatment capacity up to approximately 60 
percent (Metcalf and Eddy, 2003; Daigger et al., 2017).  In an EBPR system, step feed could 
be used during wet weather to introduce secondary influent downstream of the anaerobic 
zone so that only return activated sludge is introduced to the anaerobic zone.  The retention 
time in the anaerobic zone would be increased compared to normal operation and wet 
weather washout of microbes would be decreased.  The solids concentration of return 
activated sludge (typically about 10,000 mg/L) would be approximately 2-4 times higher 
than mixed liquor and would likely increase anaerobic zone performance (decreased ORP, 
increased fermentation activity) and may select for beneficial microbes.  Preliminary step 
feed testing at the Des Moines WRF during dry weather showed improved phosphorus 
removal due to improved anaerobic zone performance.  Additional testing at Des Moines 
WRF has been identified by their staff as a future research topic to better define wet and dry 
weather EBPR performance and wet weather considerations.  
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3.5 Conclusions  
This study demonstrated successful conversion of a full-scale nitrifying activated 
sludge system to biologically remove phosphorus using low-cost methods.  The conversion 
of a portion of the aeration basin to an anoxic/anaerobic zone was completed with 
adjustments to the aeration system control logic.  The modified aeration basins were 
compared to control basins in a separate treatment train to observe relative differences.  
Moderate EBPR activity was observed in the modified basins with average orthophosphate 
removal of 40.5 ± 6.1% compared to 11.7 ± 2.8% in the control basins.  Phosphorus release 
was similar to available data from other systems modified for EBPR, but less than reported 
values for systems originally designed for EBPR.  The modified anaerobic zones were likely 
less efficient due to use of air mixing that introduced some dissolved oxygen.     
Wet weather conditions significantly decreased phosphorus removal.  Indicators of 
anaerobic activity such as ORP and phosphorus release varied with HRT.  Phosphorus 
release in the anaerobic zone was near zero below HRT of 1.5 hours and steadily increased as 
HRT increased.  During wet weather, the average phosphorus release rate decreased from 
2.51 to 0.60 mg OP/g VSS-hour and) phosphorus uptake rate (average of all aerobic zones) 
decreased from 0.88 to 0.27 mg OP/g VSS-hour.  
DNA sequencing showed a significant difference in the relative abundance of several 
phyla (Bacteroidetes, Chloroflexi, Nitrospirae, and Proteobacteria) between the control and 
modified basins although there was no significant correlation with basin operating 
parameters.  
The relative quantity of common PAO Accumulibacter significantly increased in the 
modified basin however there was not a strong correlation to phosphorus removal, similar to 
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reports from other recent full-scale work (Zeng et al., 2018).  The relative quantity of 
Actineobacter-like PAOs, which includes Tetrasphaera did not significantly vary during the 
study.  Six clades of Accumulibacter were detected in all samples, with relative quantity of 
clades IIA and IID increased in the modified basins.  During 2018, clade I was second 
dominant in the control basin and fourth dominant in the modified basin, higher than 
expected compared to other full-scale studies and closer to reports from lab scale studies.  
During extended wet weather in 2018, clades IIB and IIC significantly increased in the 
modified basins and perhaps contributed to fast and strong recovery of phosphorus removal 
when drier conditions resumed.  
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CHAPTER 4. EVALUATION OF NEW HIGH-RATE ANAEROBIC 
REACTORS FOR PHOSPHORUS RELEASE 
4.1 Abstract 
New high rate anaerobic reactors were developed and compared with a conventional 
complete mix reactor for potential as the phosphorus release component of a struvite 
recovery process.  Use as part of an enhanced biological phosphorus removal (EBPR) 
process is also possible. The bench-scale test reactors were fed with waste activated sludge 
from a full-scale EBPR system.  The high rate reactors featured internal sludge thickening 
that permitted decoupling the hydraulic and solids retention times.  The HRT/SRT of the 
complete mix reactor ranged from 6-48 hours.  The HRT of the plug flow reactors were 
reduced to between 6-18 hours while the SRT was maintained in the range of 18-54 hours, 
resulting in a significant reduction in reactor size required and associated costs.   The 
decreased hydraulic retention times reduced reactor volume and associated costs compared to 
a complete mix system without the need for supplemental chemicals and/or solids pre-
thickening. Phosphorus release for all reactors was correlated with SRT ranging from 
0.063±0.75 to 0.37±1.8 mg effluent OP/mg influent TP at SRTs of 6 and 54 hours 
respectively.  The solids thickening performance of the three-zone high-rate reactor was 
superior to the two-zone reactor, thickening solids from an influent total suspended solids 
concentration of 9,581±367 mg/L (average ± 95% confidence interval) to 28,010±1,222 
mg/L in the waste sludge; compared to thickening from 9,927±374 to 21,918±1,897 mg/L in 
the two-zone reactor.  
Microbiological community analysis using DNA sequencing and qPCR indicated the 
relative abundance of several phyla and one clade of Accumlibacter changed within the 
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three-zone reactor.  There was no significant change in relative quantity of Actinetobacter-
like PAOs  
An economic analysis was conducted that considered anticipated capital, operating 
and maintenance cost for the three-zone reactor and two variations of a complete mix reactor.   
The three-zone plug flow reactor had the lowest capital costs and operating costs similar to or 
less than the complete mix alternatives based on 20-year present worth value.  
 
4.2 Introduction  
Increasingly stringent wastewater treatment plant (WWTP) effluent phosphorus limits 
have led many utilities to consider a variety of enhanced biological phosphorus removal 
(EBPR) activated sludge systems.  Facilities with EPBR and anaerobic digestion have a high 
potential to form the mineral struvite (MgNH4PO4⚫6H2O), composed of ammonia, 
phosphorus and magnesium (WEF, 2005).  Biological phosphorus removal increases the 
phosphorus and magnesium content of the waste sludge that is conveyed to the anaerobic 
digester.  The anaerobic digestion process releases phosphorus and magnesium from the 
waste sludge and produces ammonia, creating favorable conditions for struvite formation.  
Struvite precipitation can result in clogged pipes, valves, pumps and equipment, leading to 
decreased performance and high maintenance costs (Stratful et al., 2004).  Early attempts at 
struvite mitigation and removal using chemical or manual cleaning were shown ineffective or 
costly (Straftul et al., 2001).  There is increasing interest in biological nutrient removal 
treatment coupled with struvite recovery to decrease struvite related maintenance and 
performance issues, reduce final effluent phosphorus concentration and for sale of recovered 
struvite as an agricultural fertilizer.  In recent years, technologies to recover phosphorus 
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through struvite precipitation in a controlled manner have been developed to mitigate struvite 
related problems at WWTPs (Kataki et al., 2016).   
There are two major struvite recovery technologies, Ostara™ and NuReSys™ 
described by Britton et al. (2015) and Marchi et al. (2015), respectively.  Full scale struvite 
recovery is a relatively new technology with only about a dozen installations currently in 
service in the United States.  Some struvite recovery systems use a “phosphorus release” step 
prior to anaerobic digestion to release phosphorus from waste activated sludge into solution 
and divert away from anaerobic digestion to the struvite recovery system.  Typical current 
design practice for phosphorus release is a complete mix anaerobic reactor that may also 
include supplemental chemical addition and/or influent pre-thickening (Schauer et al., 2011; 
Britton et al., 2015).  It appears there are opportunities to improve the phosphorus release 
process by using more efficient plug flow reactors and/or new methods of solids thickening 
to create a high rate process to increase performance and/or decreases costs.  Similar to 
phosphorus release reactors, anaerobic zones as part of activated sludge EBPR systems also 
rely on phosphorus release by phosphorus accumulating organisms (PAOs).  While current 
technologies have been proven, there has been interest in recent years to improve the process 
by considering changes to the configuration of the anaerobic zone (Barnard et at., 2017).   
Bench-scale testing was conducted to evaluate performance of two new plug flow 
anaerobic reactor designs and compare with existing traditional complete mix design for 
varied operating conditions.  The microbial community of the new three-zone plug flow 
reactor was studied to develop an understanding of changes in community composition and 
relate to performance for varied reactor operating conditions.  Finally, an economic analysis 
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was completed to compare the new phosphorus release reactor with traditional complete mix 
design.   
 
4.3 Methods and materials 
4.3.1 Experimental setup  
All lab experiments were conducted using three, 10 L bench-scale anaerobic reactors 
in the following configurations: 
1. Traditional complete mix anaerobic reactor (Figure 4.1) 
2. New two-zone high rate plug flow anaerobic reactor (Figure 4.2) 
3. New three-zone high rate plug flow anaerobic reactor (Figure 4.3) 
The plug flow reactors are patent pending by the Des Moines Metropolitan 
Wastewater Reclamation Authority (16/213218). 
The complete mix reactor was similar to full-scale systems typically used for 
phosphorus release as part of a struvite recovery processes.  The complete mix reactor 
included mechanical mixing to maintain solids in suspension with a slow speed to limit air 
entrainment.  Both plug flow reactors were rectangular with internal baffles to create plug 
flow conditions.  The two-zone reactor was unmixed and the three-zone reactor included a 














Figure 4.3  Three-zone plug flow reactor experimental configuration 
 
 
The influent to all reactors was waste activated sludge from a full-scale activated 
sludge system.  Waste activated sludge was conveyed to a 50 L “day tank” which was then 
pumped to the reactors.  The flow of waste activated sludge to the day tank was adjusted for 
a residence time of approximately two to three minutes to maintain fresh influent.  Excess 
flow from the day tank was directed to a floor drain.  Influent was pumped from the day tank 
to reactor with a Watson Marlow (Model 520) peristaltic pump.  The pump rate was verified 
by weekly calibration testing.  
Reactor waste sludge was pumped from the plug flow reactors with a Watson Marlow 
(Model 520) peristaltic pumps and periodically measured for flow calibration.  The three-
zone plug flow reactor used a Cole-Palmer (Model LS) peristaltic pump to recycle sludge 
from the third zone to the first zone.   
 
4.3.2 Phosphorus release reactor experimental design 
The statistical software package JMP® version 14.0 (SAS Institute, Cary, NC) was 
utilized to create the experimental design based on review of current literature and design 
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practices as presented in Chapter 2.  The key control variables were the hydraulic and solids 
retention times (HRT and SRT, respectively). For the three-zone reactor, the solids recycle 
pump rate was also a control variable.  In the complete mix reactor, the HRT was equal to the 
SRT and was varied between 6 and 24 hours. The plug flow reactors could decouple HRT 
and SRT and were operated with HRT less than SRT to evaluate potential for decreased 
volume requirements compared to the complete mix reactor.  The HRT in the plug flow 
reactors was varied between 6 and 24 hours and SRT between 18 and 54 hours.  The recycle 
pump rate of the three-zone reactor was varied between 50% and 200% of the influent flow 
rate.  
Initially twelve experimental conditions (runs) were planned to compare the complete 
mix and two-zone plug flow reactors.  An additional eleven runs were added to include the 














Percent of Influent Flow 
Complete Mix Reactor 
1 24 24 None 
2 16 16 None 
3 12 12 None 
4 6 6 None 
5 36 36 None 
6 48 48 None 
Two-Zone Plug Flow Reactor  
7 12 42 None 
8 9 30 None 
9 9 48 None 
10 6 18 None 
11 18 36 None 
12 24 54 None 
Three-Zone Plug Flow Reactor 
13 12 24 200% 
14 12 36 100% 
15 12 36 200% 
16 12 24 50% 
17 12 18 200% 
18 18 36 200% 
19 12 30 200% 
20 12 54 50% 
21 18 48 50% 
22 12 54 100% 







4.3.3 Laboratory analysis 
 
The following analyses and parameters were measured for each reactor as shown in 
Table 4.2. 
 
Table 4.2 Laboratory data and operating parameter analysis plan 
Constituent/ 
Operating Parameter Method Reference 
Typical Sampling 
Frequency 
Total suspended solids (TSS) 2540D# 4-7 days/week 
Volatile suspended solids (VSS) 2540E# 4-7 days/week 
Total nitrogen (TN) 4500NC 3-5 days/week 
Ammonia-nitrogen (NH3-N) 4500D
# 3-5 days/week 
Nitrate-nitrogen (NO3-N) 4500B
# 3-5 days/week 
Total phosphorus (TP) 4110C# and 4500PF# 3-5 days/week 
Orthophosphate (OP) 4500PE# 3-5 days/week 
Magnesium (Mg) 3111B 3-5 days/week 
Volatile fatty acids (VFA) 5560 2-3 days/week 
Temperature  Hach HQ Probe 5 days/week 
pH Hach HQ Probe 5 days/week 
Oxidation reduction potential (ORP) Hach HQ Probe 5 days/week 
Note:  #Standard Methods (APHA, AWWA and WEF, 2017)  
 Sample locations: 1) influent (waste activated sludge); 2) within reactor (at beginning  
and end of each zone for multi-zone reactors); 3) reactor waste sludge (not 




4.3.4 Three-zone reactor microbiological analysis 
Microbial analysis (qPCR and MiSeq 16S rRNA sequencing) of the three-zone 
reactor was conducted using the same methods described in Chapter 3.3.3.  Samples were 
taken from the influent to the reactor (waste sludge from the full-scale activated sludge 
system) and from the reactor waste sludge to determine potential for changes to the microbial 
community caused by the reactor.  
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4.4 Results and discussion 
4.4.1 Complete mix reactor 
The average results for selected reactor influent and effluent constituents are 
presented in Table 4.3 with the complete dataset presented as Appendix B.  Influent 
characteristics varied throughout the study, reflecting the dynamic nature of waste activated 
sludge from a full-scale wastewater treatment system.  The ORP of the reactor influent was 
positive, with average of 214 mV indicative of nitrified waste activated sludge and effluent 
ORP averaged about -190 mV, typical of anaerobic conditions needed for phosphorus release 
(Gerardi, 2007).  For each run, volatile fatty acids (VFA) and ammonia were produced, 
nitrate/nitrite was reduced to non-detectable levels, and magnesium and orthophosphate were 







    Table 4.3  Summary of complete mix reactor measurements (average value ± 95% confidence level) 
 TSS ORP VFA - HAc NH3 - N NOx - N Mg OP-P 
 mg/L mV mg/L mg/L mg/L mg/L mg/L 
Run 1 (Target HRT and SRT = 24 hours) 
Influent 8,391 ± 837 182.7±18.1 63.9±8.8 2.7 ± 0.4 16.9 ± 4.7 21±1.4 8.3±0.9 
Effluent 8,016 ± 494 -207 ± 11.3 99.5 ± 4 12.9 ± 1.5 < ND 34.5 ± 3.6 52.3 ± 3.3 
Run 2 (Target HRT and SRT = 16 hours) 
Influent 9,689 ± 879 212.2 ± 8.2 39.1 ± 5 2.5 ± 0.6 18.3 ± 2.3 27.2 ± 6.8 10.4 ± 1 
Effluent 8,855 ± 476 -202.8 ± 11.3 66.4 ± 13.4 25.1 ± 11 < ND 33.5 ± 3.2 51.7 ± 4.5 
Run 3 (Target HRT and SRT = 12 hours) 
Influent 9,145 ± 631 244.6 ± 28.1 78.3 ± 9.4 2.7 ± 0.3 17.8 ± 0.9 23 ± 1.5 8.9 ± 1 
Effluent 8,419 ± 837 -173.2 ± 12.9 91.3 ± 14.7 11.1 ± 2.9 < ND 34.6 ± 2.1 42.9 ± 3.4 
Run 4 (Target HRT and SRT = 6 hours) 
Influent 10,367 ± 718 250.2 ± 29.2 71.8 ± 5.3 3.1 ± 1.3 16.0 ± 1.6 27.9 ± 2.5 12.2 ± 0.6 
Effluent 9,660 ± 548 -160.3 ± 16.1 73.2 ± 21.4 8.7 ± 1.6 < ND 31.2 ± 1.2 15.5 ± 2.1 
Run 5 (Target HRT and SRT = 36 hours) 
Influent 8,940 ± 1109 202.7 ± 7.3 76.8 ± 12.2 4.2 ± 1.0 15.4 ± 1.0 27.3 ± 4.8 9.9 ± 0.6 
Effluent 9,253 ± 699 -190 ± 9.8 119.1 ± 5.5 9 ± 1.7 < ND 40.5 ± 5.6 69.6 ± 14.1 
Run 6 (Target HRT and SRT = 48 hours) 
Influent 10,249 ± 706 193 ± 9.3 83.9 ± 8.8 4.0 ± 0.5 14.1 ± 1.4 25.7 ± 4.8 8.9 ± 1.7 
Effluent 10,437 ± 381 -227.8 ± 9.6 140.9 ± 1.4 9.5 ± 5.8 < ND 47.1 ± 3.5 76.8 ± 8.7 









Figure 4.4 illustrates phosphorus release in the complete mix reactor for varied 
retention times.  The measured phosphorus release was similar to complete mix bench and 
pilot scale results reported by a struvite recovery manufacturer (Prasad and Schauer, 2012). 
Phosphorus release was negligible at 6 hours retention time and rose steadily to about 24 
hours of retention time.  There was relatively little additional phosphorus release between 24 
to 54 hours of retention time.  It appeared that most of the biologically releasable phosphorus 
was released by approximately 24 to 36 hours retention time.  Minor additional phosphorus 
release beyond between 36 and 54 hours was likely the result of endogenous decay. 
   
Figure 4.4 Complete mix reactor phosphorus release (95% confidence level)  
 
A multivariate analysis based on influent characteristics and retention time was 
conducted to evaluate potential relationships related to phosphorus release.  Table 4.4 
presents a summary of correlation coefficients (R2) for factors compared with phosphorus 
release. Two variables, retention time (0.72) and ORP (0.61) had the highest correlations.  
These correlations appear reasonable, with increased retention time reflecting additional time 
for phosphorus release processes to occur and small ORP values indicating stronger 
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anaerobic conditions associated with conditions favorable for increased phosphorus release 
by PAOs.  The response screening tool in JMP® was also used to assess the influence of 
influent characteristics and operating characteristics on phosphorus release.  Table 4.4 
presents a summary of the response screening analysis. P-values for retention time and 
influent ORP were less than 0.05 indicating significance at 95% confidence level in 
predicting phosphorus release.   
 
Table 4.4 Complete mix reactor multivariate correlations 
Influent Constituent/ 
Operating Condition 
Correlation coefficient with 
phosphorus release, R2 









Soluble TKN 0.18 



















Table 4.5  Complete mix reactor response screening for phosphorus release 
Influent 
Constituent/Operating  P-value F-ratio 
Retention Time 1.77E-5* 34.6 
TSS 0.27 2.7 
VSS 0.53 1.4 
pH 0.16 4.9 
ORP 0.022* 11.2 
VFA 0.80 0.01 
TKN 0.29 3.2 
Soluble TKN 0.80 0.2 
Ammonia 0.53 1.3 
NOX 0.72 0.6 
Mg 0.80 0.1 
 *Significant variable at 95% confidence level 
 
 
4.4.2 Two-zone plug flow reactor 
A summary of average steady-state results for the two-zone plug flow reactor (runs 7-
12) is shown in Table 4.6 with the full data set included as Appendix B.  Influent solids were 
concentrated within the reactor by gravity thickening, resulting in a high solids concentration 
in the second zone and in the waste sludge removed from the reactor.  A lower solids 
concentration effluent stream was also created.  Figure 4.5 shows influent solids averaged 
about 9,930 mg/L with solids in the second zone thickened to an average of about 21,918 
mg/L and effluent solids averaged approximately 6,560 mg/L.  The solids separation and 
thickening facilitated uncoupling of HRT from SRT. While HRTs were reduced to between 6 
and 24 hours, SRTs were maintained in the range from 18 to 54 hours.  Figure 4.6 
summarizes HRT, SRT and phosphorus release for each run.  The two-zone reactor required 
more operational oversight compared to the complete mix reactor to maintain a stable SRT, 
solids balance and prevent solids washout.  Maintaining low effluent solids was difficult with 
operation most challenging when the solids inventory was high (high SRT conditions) and/or 
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during periods with high reactor velocities (low HRT conditions) led to high solids 





    Table 4.6 Summary of two-zone plug flow reactor measurements (average value ± 95% confidence level)   
 TSS ORP VFA - HAc NH3 - N NOx - N Mg TP OP-P 
 mg/L mV mg/L mg/L mg/L mg/L mg/L mg/L 
Run 7 (Target HRT = 12 and SRT = 42 hours) 
Influent 8,835 ± 762 207 ± 21 85.1 ± 4.4 2.6 ± 0.3 18.5 ± 1.8 24.3 ± 6.4 214.6 ± 21.9 8.9 ± 1.3 
Zone Two 18,135±3,493 -180±23 31.8±5.8 40.2±0.6 < ND 29.2±4.9 418±102.6 62.3±5.3 
Effluent 2,787±1,423 39±14 39.5±13.9 45.7±2.3 < ND 31±3.4 140.5±37.2 63.8±7.2 
         
Run 8 (Target HRT = 9 and SRT = 30 hours) 
Influent 9,280 ± 1,085 220.7 ± 21.4 80 ± 0.8 2.5 ± 0.5 17.9 ± 3 24.3 ± 6.4 214.6 ± 21.9 8.9 ± 1.3 
Zone Two 19,069±2,880 -255±8.5 39±4.8 24±3.1 < ND 36±3.4 418±102.6 50±6.0 
Effluent 8,772±2,387 -232.6±16.7 96±15.7 28.8±5.7 < ND 37.7±4.2 140.5±37.2 56.5±3.6 
         
Run 9 (Target HRT = 9 and SRT = 48 hours) 
Influent 9,315 ± 659 237 ± 32 71.5 ± 15.2 2.9 ± 0.2 19.9 ± 5 21.7 ± 0.5 215.8 ± 17.8 9.1 ± 1.2 
Zone Two 23,417±4,170 -268±12 36.2±1.7 12.3±4.8 0.1±0.1 37.4±6.1 433.8±157.2 68.3±9.4 
Effluent 7,541±2,212 -233±7 91.8±79 14.6±7.6 <ND 38.1±4.8 238.8±64.8 70.6±11.8 
         
Run 10 (Target HRT = 6 and SRT = 18 hours) 
Influent 10,366 ± 718 250.2 ± 29.2 71.8 ± 5.3 3.1 ± 1.3 15.9 ± 0.9 27.9 ± 2.5 265.2 ± 5.1 12.2 ± 0.6 
Zone Two 20,535±3,005 -259±24.4 35.9±1.7 21.5±14 < ND 38.7±8.1 520.3±19.4 53.8±10 
Effluent 6,324±305 -250.2±29.8 56.5±10.1 17.9±12.3 < ND 37.7±4.3 221.7±47.9 59.6±8.2 
         
Run 11 (Target HRT = 18 and SRT = 36 hours) 
Influent 8,939 ± 1,109 202 ± 7 90.4 ± 9.8 4.2 ± 1 1.7 ± 0.1 27.3 ± 4.8 250.1 ± 61.6 9.9 ± 0.6 
Zone Two 18,126±1,114 -274±19 36.5±3 30.8±9.1 < ND 32.3±6.1 262.5±116.3 71.6±16.7 
Effluent 7,822±739 -248±21 86.5±27.6 36.4±10.2 < ND 37.7±2.1 196.2±10.1 85.4±19 
         
Run 12 (Target HRT = 24 and SRT = 54 hours) 
Influent 10,249 ± 705 193 ± 9 83.9 ± 12.4 4 ± 0.5 1.3 ± 0.1 25.7 ± 4.8 251.6 ± 37.8 8.9 ± 1.7 
Zone Two 34,152±533 -295±20 32.2±5.4 23.5±6.3 < ND 34±10.2 721.8±20.5 77.3±13.5 
Effluent 13,292±381 -260±22 111.7±12.1 27.8±6.6 < ND 36.3±7.9 317.7±7.6 91.2±11.7 









Figure 4.5 Two-zone plug flow reactor suspended solids profile  
 
 




Table 4.7 presents a summary of phosphorus release correlations with influent 
characteristics, operating conditions and phosphorous release.  SRT (R2=0.61) and HRT 
(R2=0.63) had the highest correlations. Although the operating SRT and HRT were not equal, 
they were related since it was difficult to maintain high SRT conditions without also raising 
the HRT since there was a limit to practical solids thickening in the two-zone reactor. 
Table 4.7 presents a summary of the response screening analysis from JMP that 
assessed the influence of influent characteristics and operating conditions on phosphorus 
release.  HRT and SRT were significant at 95% confidence level for predicting phosphorus 
release.  
 
Table 4.7 Two-zone mix reactor multivariate correlations 











Soluble TP 0.09* 









4.4.3 Three-zone plug flow reactor  
The three-zone plug flow reactor was designed to improve upon the operational 
challenges encountered with the two-zone reactor by adding a separate solids settling zone 
and solids recycle pump.  The three-zone reactor proved easier to operate than the two-zone 
reactor, requiring less operator attention to maintain a stable solids balance and achieved a 
lower effluent solids concentration with similar phosphorus release performance.  A 
summary of steady-state results for three-zone reactor is shown as Table 4.8 with the full data 
set included as Appendix B.  
Figure 4.7 shows solids were thickened from an average of about 9,600 mg/L to 
28,000 mg/L, and effluent solids averaged 1,640 mg/L, significantly improved compared to 
the two-zone reactor. Effluent solids concentrations did spike during periods of high SRT and 
low HRT conditions, however was better controlled than the two-zone reactor.  Figure 4.8 
summarizes HRT, SRT and phosphorus release for each run.  Phosphorus release was similar 
to the complete mix reactor at equivalent SRTs and better than the complete mix at 
equivalent HRTs.  Phosphorus release in the three-zone and two-zone reactors was similar at 











Table 4.8 Summary of three-zone plug flow reactor measurements (average value ± 95% confidence level) 
 TSS ORP VFA - HAc NH3 - N NOx - N Mg TP OP-P 
Run mg/L mV mg/L mg/L mg/L mg/L mg/L mg/L 
Run 13 (Target HRT = 12 and SRT = 24 hours) 
Influent 14,261 ± 540 70 ± 81 84.2 ± 10.8 1.2 ± 0.4 14.2 ± 1.3 28.9 ± 4.4 203 ± 28.3 6.6 ± 5.2 
Zone Two 19,253±4,375 -237±13 33.3±2.1 28.0±4.3 0.1±0.2 28.8±4.0 424±127.2 51.1±4.2 
Effluent 163±53 -219±19 106±14.0 27.8±3.4 <ND 34.0±3.0 36.6±11.8 50.7±5.9 
         
Run 14 (Target HRT = 12 and SRT = 36 hours) 
Influent 12,721± 1,386 188 ± 21 71.4 ± 12.6 2.3±0.8 18.1±1.6 31.1 ± 4.5 214 ± 46.5 30.9 ± 36.3 
Zone Two 36,481±3,360 -264±12 34.3±5.9 33.7±6.4 0.4±0.1 37.4±2.0 757±113.3 75.9±17.6 
Effluent 611±369 -243±10 219±172 33.9±5.2 <ND 35.4±5.3 58.1±29.7 71.0 ±17.9 
         
Run 15 (Target HRT = 18 and SRT = 36 hours) 
Influent 12,744± 1,082 141 ± 25 73.2 ± 20.7 2.9 ± 0.7 15.1 ± 1.7 26.9 ± 4.0 286 ± 38.0 6.2 ± 1.2 
Zone Two 33,437±1,891 -244±14 37.1±6.4 21.9±2.9 <ND 36.2±5.9 680±47.2 73.7±10.3 
Effluent 214±35 -233±15 102±21.4 20.9±4.8 <ND 37.1±4.2 73.9±14.6 86.7±7.8 
         
Run 16 (Target HRT = 12 and SRT = 24 hours) 
Influent 10,823± 697 15± 23 93.0± 35.0 2.0 ± 0.4 16.5 ± 1.8 37.6 ± 4.9 293 ± 48.6 20.0 ± 19.6 
Zone Two 20,517±3,252 -225±21 31.6±4.4 22.1±2.5 <ND 31.9±3.0 434±85.2 73.1±19.4 
Effluent 124 ±39 -204±22 123±46.9 18.3±5.6 <ND 36±7.2 146±132 82.4±15.4 
         
Run 17 (Target HRT = 12 and SRT = 18 hours) 
Influent 9,578 ± 462 44± 28 74.2 ± 9.5 1.9 ± 0.9 13.8 ± 2.1 36.1 ± 5.4 266 ± 37.9 6.6 ± 8.2 
Zone Two 25,396±1,618 -161±15 102±120 15.3±8.8 0.7±0.4 49.3±1.6 484±49.8 61.4±17.8 
Effluent 93±34 -155±16 94.3±9.3 13.9±4.8 <ND 43±8.7 87.6±9.6 70.6±7.5 
         
Run 18 (Target HRT = 18 and SRT = 36 hours) 
Influent 9,788 ± 634 20 ± 34 64.5 ± 34.3 1.9 ± 0.7 10.7 ± 2.1 32.7 ± 2.8 398 ± 84.3 18.9 ± 18.9 
Zone Two 25,236±1288 -249±28 47.1±1.9 16.6±0.9 0.6±1.2 46.5±3.9 540±98.0 104±57.6 
Effluent 189±88 -228±33 73.5±9.8 15.1±1.2 <ND 49.3±0.7 88.3±7.2 132±32.6 
         
Run 19 (Target HRT = 12 and SRT = 30 hours) 
Influent 10,414 ± 968 14 ± 15 85.0 ± 28.9 2.17 ± 0.8 13.7± 2.6 36.8 ± 3.5 366 ± 34.5 6.7 ± 1.1 
Zone Two 26,397±1,522 -231±24 46.2±11.3 16.4±4.2 0.2±0.1 N/A 550±38.7 65.9±26.3 






Table 4.8 (Continued)  
 TSS ORP VFA - HAc NH3 - N NOx - N Mg TP OP-P 
Run mg/L mV mg/L mg/L mg/L mg/L mg/L mg/L 
Run 20 (Target HRT = 12 and SRT = 54 hours) 
Influent 9,675±727 6±21 68.0±18.7 2.8 ± 0.6 12.3 ± 2.0 32.4 ± 7.4 391.5 ± 22.1 5.3 ± 1.0 
Zone Two 25,304±1,950 -249±14 37.2±14.4 12.9±13.2 <ND 44.3±6.9 606.2±117.9 102±10.1 
Effluent 2,104±701 -230±16 90.9±5.6 12.3±5.8 <ND 40.1±8.3 91.5±9.8 136±7.8 
         
Run 21 (Target HRT = 18 and SRT = 48 hours) 
Influent 8,522±1,421 26±21 99.6±23.8 2.7 ± 0.4 14.4 ± 2.7 33.8 ± 6.1 327.7 ± 52.4 6.2 ± 1.6 
Zone Two 28,118±1,247 -247±10 36.5±15.7 21.8±8.5 <ND 32.9±7.0 591±117.6 112±39.9 
Effluent 5,167±170 -231±12 123±21.3 14.1±8.6 <ND 34.3±7.7 94.33±7.5 109±21.1 
         
Run 22 (Target HRT = 12 and SRT = 54 hours) 
Influent 9,009±743 44±20 71.5± 16.3 2.6 ± 0.9 11.8 ± 1.7 35.6 ± 7.6 278.2 ± 28.3 8.0 ± 1.6 
Zone Two 37,782±1,495 -277±13 38.6±20.0 16.9±2.7 <ND 45.3±16.3 678.3±133.5 60.7±12.7 
Effluent 6,095±1,225 -259±15 110±22.0 16.13±10.6 <ND 44.6±15.7 92.3±11.1 89.1±10.5 
         
Run 23 (Target HRT = 18 and SRT = 54 hours) 
Influent 8,911±1,452 16±24 66.7±18.4 2.3 ± 0.9 13.275 ± 1.7 34.4 ± 4.3 381.3 ± 77.7 7.1 ± 1.5 
Zone Two 31,829±757 -284±10 86.3±58.7 19.2±4.3 <ND 41.65±3.9 631.4±40.7 95.3±28.9 





















Figure 4.8 Three-zone plug flow reactor phosphorus release (95% Confidence) 
 
A multivariate analysis of influent characteristics, reactor operating conditions and 
phosphorus release was conducted to evaluate potential correlation with phosphorus release.  
Table 4.9 presents a summary of correlation coefficients (R2) for factors compared with 
phosphorus release.  Table 4.10 presents a summary of the response screening analysis from 
JMP that assessed the influence of influent characteristics and operating conditions on 
phosphorus release. P-values for SRT and solids recycle rate were less than 0.05 indicating 
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significance at 95% confidence level in predicting phosphorus release.  Despite a small p-
value and relatively high correlation coefficient, the solids recycle rate was probably not 
directly correlated with phosphorus release.  The recycle rate was increased to maintain a 
stable solids balance as solids concentrations increased which occurred when SRT was 
increased.  The increase in recycle rate was therefore generally tied with SRT which would 
be expected to result in increased phosphorus release.   
 
Table 4.9 Three-zone reactor phosphorus release multivariate correlations 
Factor 
Correlation coefficient with 
phosphorus release, R2 
Solids recycle rate 0.41* 
SRT 0.40 




















Table 4.10  Three-zone reactor phosphorus release factor response screening 
Influent Constituent/ Condition Factor P-value F-ratio 
HRT 0.31 2.40 
SRT* 0.0013 15.80 
Solids recycle rate* 0.0015 15.50 
TSS 0.31 3.37 
VSS 0.31 2.50 
pH 0.82 0.14 
ORP 0.82 0.21 
VFA 0.31 3.18 
TKN 0.82 0.14 
Soluble TKN 0.87 0.60 
Ammonia 0.58 0.93 
NOX 0.94 0.0060 
Mg 0.58 0.92 
 *Significant variable at 95% confidence level 
 
 
4.4.4 Three-zone reactor microbiological community analysis  
There are no known studies of the microbial community within waste activated 
sludge phosphorus release reactors to compare with the current work. However, there have 
been studies of EBPR systems, which should have some similarities.  The major differences 
with a typical anaerobic zone of an EBPR system is the increased hydraulic and solids 
retention times which could result in improved anaerobic conditions indicated by ORP less 
than -300 mV that may select for different microbes that could improve anaerobic zone 
activity such as VFA production and phosphorus release.  
 
MiSeq Results  
The relative abundance of phyla represented by 16S rRNA gene sequences was 
measured in the waste activated sludge (influent to the reactor) and within the reactor.  Phyla 
with over 2% relative abundance are shown as Figure 4.9.  The dominant phyla were 
(Proteobacteria, Bacteroidetes, and Chloroflexi), consistent with other studies of activated 
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sludge (Ferrera and Sanchez, 2016).  Bacteroidete includes a wide variety of microorganisms 
that is not well defined in terms of wastewater treatment, although filamentous members of 
the phylum have been associated with sludge bulking or poor settling conditions that can lead 
to increased solids in plant effluent (Nielsen et al., 2010).  Proteobacteria has been shown 
dominant in activated sludge (Ferrera and Sanchez, 2016).  Nascimento et al. (2018) noted 
the wide diversity and metabolic capacities of Proteobacteria; which despite its dominant 
abundance makes it difficult to correlate with specific wastewater treatment performance 
parameters. Chloroflexi are filamentous bacteria typically abundant in wastewater treatment 
plants. There does not appear to be significant difference in their physiology, although some 
data indicates they are involved with polysaccharide and protein degradation (Nielsen et al., 
2010).  A potential concern for operation of the reactor is to control filamentous bacteria that 
could hamper thickening within the reactor.   
There were no changes in dominant phyla in the reactor, however the relative 
abundance of Bacteroidetes and Proteobacteria were found to significantly change as shown 
in Table 4.11.  Bacteroidetes and Proteobacteria correlated with operating parameters as 
follows: SRT (R2=0.44; 0.36), HRT (R2=0.05; 0.20) and phosphorus release (R2=0.36; 0.11) 
There may be a moderate correlation between Bacteroidetes and phosphorus release, 
although there are too many other potential factors such as influent characteristics to be 
conclusive.  All other phyla relative abundance had phosphorus release correlations less than 
0.11.  Overall, there does not appear to be a significant correlation between phyla relative 




Figure 4.9 Relative abundance of phyla in three-zone reactor 
 
 







Abundance (%) p-value 
Acidobacteria 1.49 1.38 0.31 
Actinobacteria 1.20 0.88 0.35 
Bacteroidetes 31.68 27.88 0.016* 
Chlorobi 1.26 1.33 0.39 
Chloroflexi 5.31 5.97 0.075 
Firmicutes 3.78 3.31 0.59 
Plantomycetes 2.30 2.53 0.18 
Proteobacteria 46.50 50.31 1.8E-4* 
Verrucomicrobia 2.37 2.47 0.54 






qPCR Results  
Table 4.11 shows there was no significant change in the relative quantity of the two 
(known) predominant PAOs found in wastewater treatment facilities; Candidatus 
Accumulibacter (Accumulibacter) and Tetrasphaera, which is a significant part of 
Actinetobacter-like PAOs (APAOs) category (Nielsen et al., 2019).  Barnard et al. (2017) 
argued that more negative redox conditions indicated by ORP measurements below about -
300 mV may support selection of microbes such as the PAO Tetrasphaera that may improve 
performance of EBPR and related processes such as the phosphorus release reactor in the 
present study. Although APAOs were found in reactor influent from the full-scale system, 
they were not selected in the reactor.  While the average reactor ORP of about -242 mV was 
lower than a typical EBPR anaerobic zone of -100 to -200 mV, it was not at the suggested -
300 mV threshold for Tetrasphaera selection. 
Figure 4.11 shows the relative quantity of Candidatus Accumulibacter clades in the 
reactor influent and waste sludge.  The six targeted clades were present in all samples and the 
ranking of each clade was generally consistent over time.  
Bench-scale studies of the microbial community for EBPR processes have been 
shown to promote selection of IA, IC, IIA and IID, while full scale EBPR studies have 
shown clade I not dominant (Zeng et al., 2018).  Results of the current work appear to match 
results from full-scale studies for clade dominance possibly indicating the importance of 
using real wastewater compared to synthetic wastewater.  The reactor used for the current 
work was continuous flow and not a batch test, unlike many other bench-scale studies and 
may have also contributed to clade results similar to many full-scale studies.   
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Paired T-tests showed that except for clade IID which increased in the reactor, there 
were no significant changes to relative quantity of other Accumulibacter clades, 
Accumulibacter/16S, or APAO/16S.  There was no significant correlation between 
phosphorus release and Accumulibacter clades, Accumulibacter/16S, or APAO/16S.  Other 
studies have reported no known correlation between Accumulibacter clades and operational 
conditions (Nielsen et al., 2019; Zeng et al., 2018).  The microbes from the activated sludge 
system were already acclimated to a cyclic aerobic-anaerobic condition and the apparent lack 
of variation in the microbial community from the full-scale activated sludge system and the 
reactor was likely due to the SRT of the anaerobic reactor being too short to affect a 





Figure 4.10 Relative abundance of Accumulibacter and Actineobacteria-like PAOs and 
phosphorus release in three-zone reactor 
 
 

























Quantity t-value p-value 
Clade I/16S 5.56E-5 4.81E-5 0.66 0.52 
Clade IIA/16S 8.5E-2 6.5E-2 1.01 0.32 
Clade IIB/16S 0.0014 0.0013 0.46 0.65 
Clade IID/16S 2.9E-3 6.0E-4 0.027 0.027* 
Clade IIC-beta/16S 3.08E-6 4.59E-6 -0.69 0.50 
Clade IIC/16S 4.3E-3 3.9E-3 0.26 0.80 
Accumulibacter/16S 2.2E-3 1.7E-3 0.78 0.44 
APAO/16S 1.37E-4 1.65E-4 -0.90 0.38 
*Significant at 95% confidence level 
 
 
4.5 Reactor design considerations and economics comparison 
There are no known studies of high rate plug flow phosphorus release reactors similar 
to the present work for comparison.  Cullen et al. (2013) reported full-scale complete mix 
reactors with phosphorus release between 0.22 and 0.37 mg effluent orthophosphate per mg 
influent total phosphorus and Prasad and Schauer (2012) noted bench and pilot test results 
with 0.25 to 0.40 mg effluent orthophosphate per mg influent total phosphorus; these studies 
were similar to complete mix results from the present study and the plug flow reactors at 
equivalent SRT, however the plug flow reactor phosphorus release  was significantly higher 
at equivalent HRT values (Figure 4.12).   
The three-zone reactor and two variations of the complete mix reactor were further 
evaluated to determine the best overall design in terms of anticipated costs and operational 
effort in addition to phosphorus release performance.  The two-zone reactor was not included 
in the evaluation since the three-zone reactor was significantly easier to operate with similar 













4.5.1 Basis of comparison and design parameters 
To make the comparison as realistic as possible the evaluation was based on 
conditions and field data collected at the Des Moines WRF, site of the bench-scale reactor 
tests. At the time of preparation of this paper, a phosphorus release system was in the early 
phases of consideration for the WRF however no design decisions or direction had been 
made and the comparison presented in this paper was not and will not be part of the 
evaluation process.  
There are numerous options for flow schemes and processes for a phosphorus release 
and/or recovery system.   The following alternatives to integrate phosphorus release with the 
existing facilities at Des Moines WRF were included as representative of two common 
approaches currently used in industry compared to the new three-zone plug flow reactor. 
Alternative one – complete mix reactor 
Alternative two – complete mix reactor with pre-thickening of reactor influent 
Alternative three – three-zone plug flow reactor 
A design solids retention time (SRT) of 30 hours for each alternative was selected as 
a conservative value for the comparison based on the previously presented bench scale 
reactor tests.  The design SRT may vary based on site specific conditions such as wastewater 
characteristics, addition of supplemental chemicals and interconnected upstream and 
downstream treatment processes. A design year of 2038 (20-years) was selected for purposes 
of the evaluation. 
The volume of the phosphorus release reactor was based on projected 20-year (2038) 
waste activated sludge flow rates determined from the Biowin model of the Des Moines 
WRF presented in Chapter 3.  The 2038 maximum month (peak 30-day running average) 
waste activated sludge flow rate of 1.22 million gallons per day was assumed for sizing.  
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Designing based on peak day conditions was decided against for this evaluation since the 
added reactor volume and expense would not be justified by a small number of peak events 
per year and would not be a critical concern.  During peak day conditions, the retention time 
in the phosphorus release reactor would be decreased and/or a portion of the waste activated 
sludge could be bypassed around the phosphorus release reactor.  Alternative sizing criteria 
may be appropriate for other applications and facilities.   
Other major components included as part of each alternative include aluminum basin 
cover with odor control, pump station(s) required to convey effluent away from the reactors, 
and electrical and controls building.  Table 4.13 summarizes the recommended basis of 
design used for the evaluation.  
 
Table 4.13  Phosphorus release reactor design parmeters 
Parameter 
Alternative 
Complete mix  




Reactor influent flow, MGD 1.22  1.22 1.22 
SRT, hour 30 30 30 
HRT, hour 30 30 16 
Reactor side water depth, feet 18 18 18 
Internal solids recycle rate, % of 
influent flow 
N/A N/A 0-100% 
Reactor influent TSS, mg/L 10,000 10,000 10,000 
Reactor TSS, mg/L 10,000 50,000 Varies 
Reactor waste sludge TSS, mg/L N/A N/A 25,000+ 
Reactor effluent TSS, mg/L 10,000 50,000 <500 
 
4.5.2 Alternative one – complete mix reactor 
The total reactor volume was based on a HRT and SRT of 30 hours and divided into 
two basins to provide flexibility during maintenance activities.  Each of the basins would be 
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75 feet by 75 feet with a side water depth of 18 feet for a total active reactor volume of 
approximately 1.52 million gallons.  
The complete mix reactor is a relatively simple process and operational effort was 
assumed relatively low compared to the other alternatives (0.20 full time equivalent staff for 
operation, laboratory, maintenance staff).  The reactor HRT and SRT is based on the reactor 
influent flowrate and cannot be controlled independently.  There would be one pump station 
to convey effluent from the reactor to the existing pre-digestion thickening process. A 
schematic of the process is shown as Figure 4.13. 
 
Figure 4.13 Alternative one - complete mix reactor flow schematic  
 
4.5.3 Alternative Two – complete mix reactor with pre-thickening 
Alternative two, complete mix reactor with reactor influent pre-thickening was sized 
for a HRT and SRT of 30 hours.  The pre-thickening process was assumed to include two 
rotary drum mechanical thickeners housed in a 5,000-square foot building adjacent to the 
reactor that would also house a pump station to convey pre-thickened solids to the reactor 
and a second set of pumps to convey reactor effluent to the existing pre-digestion thickening 
system.  It was assumed that reactor influent solids would be thickened to approximately 
50,000 mg/L, significantly decreasing the required volume of the reactor.  Similar to 
alternative one, the total reactor volume was divided into two basins for maintenance 
flexibility.  Each basin would be 34 feet by 34 feet with a side water depth of 18 feet for a 
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total active reactor volume of approximately 0.31 million gallons, about 80% less than 
alternative one. 
The complete mix reactor with pre-thickening alternative would have a substantially 
smaller reactor than alternative one however would have more equipment and associated 
complexity.  The pre-thickening equipment would require a building, additional pumps and a 
polymer storage and feed system for thickening.  However, the additional polymer required 
for pre-thickening would likely offset a portion of the polymer required for the existing pre-
digestion thickening system.  A schematic of the process is shown as Figure 4.14. 
 
Figure 4.14 Alternative two-complete mix reactor with influent pre-thickening flow 
schematic 
 
4.5.4 Alternative three – three-zone plug flow reactor 
Unlike the complete mix reactors used in alternatives one and two, the HRT and SRT 
of the three-zone plug flow reactor would be uncoupled to maintain a short HRT with long 
SRT.  Based on bench scale test results a conservative design HRT of 16 hours and SRT of 
30 hours was used for the evaluation.  The three-zone reactor thickens solids internally by 
gravity and it was conservatively assumed that the influent solids would be thickened from 
10,000 mg/L to 25,000 mg/L up to a practical maximum of about 40,000 mg/L.  Solids 
wasted from the reactor would be conveyed to the existing anaerobic digester pre-thickening 
and dewatering system. Effluent from the reactor would typically be less than 500 mg/L and 
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conveyed directly to the phosphorus recovery equipment, but could alternatively be conveyed 
to the existing anaerobic digester pre-thickening and dewatering system. 
Similar to the other alternatives, the total reactor volume was divided into two basins 
to provide flexibility during maintenance activities.  Each basin would be 56 feet by 22 feet 
with a side water depth of 18 feet for a total active reactor volume of 0.33 million gallons, 
approximately 80% less than alternative one and about 8% larger than alternative two.   
Alternative three would require effluent, waste and recycle pumps; and mixing would 
be minimal compared to the other alternatives for an overall level of effort and complexity 
between alternative one and two.  A schematic of the process is shown as  Figure 4.15. 
 
Figure 4.15 Alternative three – plug flow reactor flow schematic  
 
4.5.5 Economics summary  
To determine the lowest cost alternative, twenty-year present worth costs were 
developed based on probable construction, operating and maintenance costs (Table 4.14).  
Planning level opinion of probable construction costs were developed based on estimated 
quantities and typical unit material costs (RS Means, 2017).   Electrical costs were based on 
estimated connected power and unit cost of $0.075 per kilowatt-hour. A labor cost of 
$50/hour was assumed.  
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Alternative one (complete mix reactor) would require the least operator effort, 
however the large basin volume resulted in a high capital cost.  Alternative two (complete 
mix reactor with pre-thickening) had the smallest reactor volume, but the added complexity 
and associated costs required for the sludge thickening equipment resulted in the highest 20-
year present worth costs.  Alternative three (three-zone plug flow reactor) had a basin volume 
nearly as small as alternative two, but without the expensive pre-thickening equipment.  
Alternative three would require additional pumps than the other alternatives however overall 
effort and complexity would be more than alternative one, but less than alternative two.  
Alternative three would only require minimal intermittent mixing which would significantly 
decrease power costs compared to complete mixing.  Alternative three demonstrated good 
phosphorus release performance during bench testing and the lowest projected 20-year 
present worth cost compared to the other alternatives and would be recommended for 
consideration for utilities interested in phosphorus release as part of a phosphorus recovery 



















Capital Costs    
Earthwork $90,000 $20,000 $20,000 
Concrete $930,000 $310,000 $410,000 
Basin Cover $360,000 $70,000 $80,000 
Odor Control $550,000 $310,000 $350,000 
Building $190,000 $1,250,000 $263,000 
Misc. Metals $50,000 $20,000 $10,000 
Equipment $350,000 $1,710,000 $560,000 
    
Subtotal One $2,470,000 $3,690,000 $1,690,000 
    
Sitework  $120,000 $170,000 $80,000 
Piping  $590,000 $870,000 $420,000 
Mechanical  $200,000 $290,000 $140,000 
Electrical  $390,000 $580,000 $280,000 
Instrumentation 
and Controls $160,000 $230,000 $170,000 
    
Subtotal Two $3,930,000 $5,830,000 $3,530,000 
    
Contingency $790,000 $1,170,000 $560,000 
Bond and 
Mobilization $280,000 $410,000 $190,000 
Probable 
Construction Cost 
$5,000,000 $7,410,000 $3,530,000 
    
Annual Operation and Maintenance (O&M) 
Labor $20,000 $50,000 $40,000 
Electricity $110,000 $160,000 $80,000 
Materials $5,000 $30,000 $10,000 
Total Annual $135,000 $240,000 $130,000 
Present Worth* 
(O&M) 
$2,008,000 $3,571,000 $1,934,000 




$7,008,000 $10,981,000 $5,464,000 






New two-zone and three-zone high-rate anaerobic plug flow reactors were developed 
and compared to a traditional complete mix reactor for phosphorus release from waste 
activated sludge from a full-scale treatment system.  The experimental design consisted of 23 
runs that varied HRT, SRT and for one of the designs, the internal solids recycle rate.  
Phosphorus release performance was generally comparable for all the reactors at similar 
SRT, however the new plug flow reactors included internal thickening permitting operation 
at reduced HRT while maintaining a long SRT.  The decoupled HRT and SRT in the plug 
flow reactors resulted in smaller reactor volume requirement compared to the complete mix 
reactor.  As presented in the preceding chapters, the two and three-zone plug flow reactors 
performed well in terms of phosphorus release with benefits of solids thickening, shorter 
HRT and associated reduced cost compared to the conventional complete mix reactor.  The 
three-zone reactor proved superior to the two-zone reactor and was evaluated in further detail 
at pilot-scale, as described in Chapter 4.    
The characteristics of the microbial population in the three-zone reactor were studied 
with DNA sequencing that showed a significant decrease in the relative abundance of phyla 
Bacteroidetes and Proteobacteria compared to the reactor influent.  There was not a 
significant correlation between phyla relative abundance and reactor performance.  qPCR 
testing of potential PAOs indicated that the relative quantity of Candidatus Accumulibacter 
clade IID/16S decreased within the reactor, although no other clades had significant changes 
or correlation with reactor performance.   
An economic comparison showed the three-zone plug flow reactor had the lowest 20-
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CHAPTER 5. PILOT SCALE EVALUATION OF HIGH RATE 
ANAEROBIC REACTOR FOR PHOSPHORUS RELEASE 
5.1 Abstract 
A new high-rate plug flow anaerobic reactor was evaluated at pilot scale for potential 
as the phosphorus release component of a struvite recovery process and/or anaerobic zone of 
an enhanced biological phosphorus removal (EBPR) process.  The pilot scale reactor was 
based on previous bench-scale work that indicated favorable performance compared to 
traditional designs.   
The reactor was fed with waste activated sludge from a full-scale EBPR system and 
featured multiple baffled zones to thicken, settle and clarify the sludge and decouple the 
hydraulic and solids retention times (HRT and SRT) and created a thickened waste sludge 
stream and low solids effluent stream. The low solids stream could be conveyed directly to a 
struvite recovery process.  The HRT averaged 21.8±1.0 hour while the SRT averaged 
38.7±3.4 hours. Phosphorus release correlated to SRT (R2=0.62), with release of about 0.18 
mg effluent OP/mg influent TP at SRT of 20 hours and about 0.35 mg effluent OP/mg 
influent TP at SRT of 60 hours.  Solids thickened from average influent of 9,186±370 mg/L 
to 28,422±1,721 mg/L in the waste sludge.  Effluent solids averaged 335±86 mg/L.  A 
BioWin process simulation model was developed and sensitivity of kinetic parameters were 
evaluated to create a calibrated model.   
DNA sequencing showed a significant increase in relative abundance of phyla 
Chloroflexi and Firmicutes between the pilot influent and waste sludge from the pilot reactor, 
but no correlation to reactor performance.  qPCR indicated no noteworthy differences in 
relative abundance of the two prominent PAOs studied in activated sludge, Accumulibacter, 
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and Actinetobacter-like PAOs (APAOs), which includes the PAO Tetrasphaera. APAOs 
were present in the reactor influent but was not enriched in the reactor.  There was no 
significant correlation between PAO relative quantity and reactor parameters.  Six 
Accumulibacter clades were present in all samples with clades IIA and IIC dominant in the 
influent and reactor samples.  Notably, clade I was present in the influent in higher quantities 
than many other full-scale studies (Zeng et al., 2018), but decreased within the reactor.   
 
5.2 Introduction  
Increasingly stringent wastewater treatment plant effluent phosphorus limits have led 
many utilities to consider a variety of enhanced biological phosphorus removal (EBPR) 
activated sludge systems.  However, reliably meeting very low effluent phosphorus limits is 
challenging, even with advanced nutrient removal systems (Bott et al., 2012).   
When using EBPR systems to achieve high effluent quality, the phosphorus and 
magnesium content of the waste activated sludge increases, which can lead to the unintended 
consequence of formation of the mineral struvite (MgNH4PO4⚫6H2O) for facilities with 
anaerobic digestion (Maqueda et al., 1994).  Struvite formation leads to decreased treatment 
performance and high maintenance costs for anaerobic digesters, solids dewatering systems 
and associated equipment.  In recent years, technologies to recover phosphorus through 
struvite precipitation in a controlled manner have been developed to mitigate struvite related 
problems at WWTPs (Kataki et al., 2016).   Many of these struvite recovery systems utilize a 
“phosphorus release” step prior to anaerobic digestion to release phosphorus from waste 
activated sludge into solution and divert away from anaerobic digestion to the struvite 
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recovery system.  Current design practice for phosphorus release is a complete mix anaerobic 
reactor that may also include supplemental chemical addition and/or influent pre-thickening.   
A pilot-scale high rate anaerobic plug-flow reactor fed with EBPR waste activated 
sludge was designed and evaluated for use as a phosphorus release process for use as part of 
a struvite recovery system. The pilot-scale work builds upon previous bench-scale studies 
(Chapter 4) to identify recommended operating parameters and design criteria based on more 
realistic pilot equipment. The microbial community was also studied to relate phosphorus 
release performance for varied operating conditions.  The high rate reactor also has potential 
application as a return activated sludge fermentation reactor to supplement or replace the 
anaerobic zone of a traditional activated sludge EBPR system (Vollertson et al., 2006).   
Figure 5.1 shows a cutaway diagram of the three-zone reactor.  The following 
predominant processes occur in each zone:  
• In the first zone, solids thickening, denitrification and off-gassing occurs.   
• In the second zone, further thickening, volatile fatty acid production and 
phosphorus release; 
• In the final zone, solids separation and recycling.  The solids recycle 
maintains a solids balance within the reactor and permits uncoupling the HRT 
and SRT to decrease reactor volume so that the reactor volume may be 
decreased while maintaining a long SRT.  
The solids waste pump removes solids from the reactor to maintain a target SRT.  In 
this study, the HRT was typically between about 14 and 24 hours while the SRT was 
typically between 22 and 48 hours resulting in a significant reduction in reactor size and 
associated cost compared to traditional systems, while maintaining high performance. Low 
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energy mixers operated intermittently/as needed break up channels that may form in the 

















5.3 Methods and materials 
5.3.1 Experimental setup and laboratory analysis 
The experiments were conducted in a pilot scale version of the three-zone high rate 
plug flow anaerobic reactor previously described in Chapter 4.  The plug flow reactor is 
patent pending by the Des Moines Metropolitan Wastewater Reclamation Authority 
(16/213218). 
Figure 5.2 shows the pilot reactor flow and instrumentation schematic.  Table 5.1 
summarizes the on-line instrumentation that recorded data automatically in 15-minute 


























Table 5.1  Pilot reactor on-line instrumentation  
Instrument 
Abbreviation Instrument Name Location 
TSS 1 Total suspended solids Influent pipe 
TSS 2 Total suspended solids Settling zone near effluent 
TSS 3 Total suspended solids Solids recycle pipe 
TSS 4 Total suspended solids Solids waste pipe 
ORP 1 
Oxidation reduction 




potential / temperature 
Zone 2 
Solids Level Sludge blanket depth  Settling zone 
 
   
 




The influent to the pilot was waste activated sludge from the full scale activated 
sludge system at the Des Moines Wastewater Reclamation Facility.  The activated sludge 
system was modified to support enhanced biological phosphorus removal as described in 
Chapter 3.  The influent to the pilot was conveyed to a 35-gallon plastic container “day tank” 
and then pumped to the pilot.  Excess flow to the day tank was conveyed to a floor drain to 
maintain a residence time of 1-3 minutes within the day tank.  Influent was conveyed to the 
pilot with a Watson-Marlow (Model 720) peristaltic pump.  Settled solids in the third 
(settling) zone were recycled back to the first with a Watson-Marlow Model 720 pump.  
Effluent from the third zone flowed by gravity out of the pilot to a floor drain.  Thickened 
waste sludge from the second zone of the reactor was pumped from the pilot with a Watson-
Marlow (Model 720) pump.  HRT was controlled by adjusting the speed of the influent feed 
pump.  SRT was controlled by adjusting the speed of the waste sludge pump.  The solids 
recycle pump speed was adjusted manually to target a small sludge blanket depth in the third 
zone.   
Intermittent mechanical mixing was provided in zones one and two.  Several 
variations of mixing speed and cycle time tested to balance the need for mixing to avoid 
“channels” forming within the sludge blanket while avoiding excessive mixing that would 
decrease the thickened sludge blanket or entrain air.  The mixer was operated for about 15 
seconds every three hours with power of approximately 2.1 HP/1,000 CF and average 
velocity gradient of about 30 S-1 during mixer operation. 
Water quality and operating parameters were frequently monitored to evaluate the 
performance of the activated sludge system.  All analyses were conducted in accordance to 
Standard Methods (APHA, AWWA and WEF, 2017).  Analysis included measurements 
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throughout the treatment process.  Table 5.2 lists constituents and reactor parameters that 
were measured regularly throughout the study.  
 
Table 5.2 Laboratory data and operating parameter analysis plan 
Constituent Test Method 
Sampling 
Location Typical Frequency 
Total Suspended Solids (TSS) 
2540D# and 
YSI IQ ViSolid 
Probe 
A, D, E, F 
Daily Grab and 15-
minute increment 
with probe 
Volatile Suspended solids 
(VSS) 
2540E# A, D, E 2-4 / week 
Ammonia-nitrogen (NH3-N) 4500D
# A, D, E 2-4 / week 
Magnesium (Mg) 3111B A, D, E 2-4 / week 
Total Phosphorus (TP) 4110C# and 4500PF# A, D, E 2-4 / week 
Orthophosphate (OP) 4500PE# A, D, E 2-4 / week 
Volatile Fatty Acids (VFA) 5560 A, D, E 1-3 / week 
Temperature YSI IQ Probe B, C 15-minute increment 
pH Hach HQ Probe 
A, B, C, D, 
E, F 
Daily 
Oxidation Reduction Potential 
(ORP) 
YSI IQ Probe B, C 15-minute increment 
Sludge Blanket Depth 





#Standard Methods (APHA, AWWA and WEF, 2017) 
Location: A = pilot influent, B = zone 1, C = zone 2, D = waste sludge, E = solids recycle, 
     F = pilot effluent 
 
5.3.2 BioWin wastewater simulation model 
A BioWin version 5.3 (Envirosim Inc., Ontario, Canada) wastewater treatment 
computer simulation model of the pilot scale reactor was developed for performance 
prediction and comparison with field measurements.  Figure 5.4 shows the process schematic 
of the BioWin model of the full-scale activated sludge system and the pilot reactor.  The 
influent characteristics and operating conditions of the full-scale system were based on 
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measurements collected during the study.  The activated sludge kinetic parameters were 
calibrated as described in Chapter 6.   
To evaluate and calibrate the pilot model, a sensitivity analysis of model kinetic 
parameters was conducted for the pilot waste sludge and effluent based of field 
measurements of total phosphorus, orthophosphate, ammonia and magnesium. 
 
 
Figure 5.4 BioWin model schematic of treatment plant and phosphorus release reactor 
 
 
5.3.3 Three-zone reactor microbiological analysis 
Microbial analysis (qPCR, MiSeq and 16S rRNA sequencing) of the pilot reactor was 
conducted using the same methods described in Chapter 3.3.3.  Samples were taken from the 
influent to the reactor (waste activated sludge from the full-scale system) and from the 
reactor waste sludge to determine potential for changes to the microbial community caused 




5.4 Results and discussion 
5.4.1 Reactor performance  
Results for daily average HRT, SRT, TSS, solids recycle rate, and settling zone 
sludge depth are shown in Figure 5.5.  The reactor was controlled by adjusting HRT, SRT 
and solids recycle rate.  The initial HRT target was set to 24 hours, to match typical values 
for traditional complete mix phosphorus release systems.  The HRT was periodically 
decreased during the study. The HRT varied between 13.8 and 36.5 hours with an average of 
21.8 hours.  Occasional clogs in the influent feed pipe caused periodic spikes in HRT.  
Solids retention time was manually controlled by adjusting the speed of the reactor 
waste sludge pump based on solids inventory within the pilot reactor.  The on-line solids 
sensors experienced sporadic errors during high solids concentration conditions.  The solids 
sensor readings were supplemented with laboratory measurements, however the delay to 
complete the solids analysis made timely operation challenging at times.  As the study 
progressed, experience led to easier operation.  It is recommended that future work consider 
testing various solids sensor probes to find something reliable at high solids concentrations or 
consider using more reliable microwave-based solids meters instead of ultrasonic sensor 
probes.  The SRT ranged between 16.5 and 67.5 hours with average of 38.7 hours.  The SRT 
was varied throughout the study to evaluate the influence of SRT on reactor performance.    
The total suspended solids averaged about 9,187±370 mg/L (95% confidence) in the 
influent and thickened by gravity to an average of 28,422±1,721 mg/L in the reactor waste 
sludge.  The average effluent solids were only 334±86 mg/L, low enough to convey directly 
to a struvite recovery system without need for additional dewatering.   
The solids recycle pump rate was manually adjusted to maintain a sludge blanket 
depth of approximately 2-3 feet in the third (settling) zone to promote solids thickening.  
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More importantly, if the sludge blanket depth became too deep settling performance could 
decrease and effluent solids could increase.  The depth of the sludge blanket in the third zone 
ranged from 0.20 to 5.5 feet with average of about 3.00.36 feet.  The blanket depth and 
solids recycle pump rate both increased as the SRT and solids inventory increased.  The 
solids recycle pump rate ranged from 25% to 112% of the influent flow rate with average of 
564%.  During periods of long SRT when solids were thickened as much possible and the 
reactor was “full” of solids, there was a practical limit for the solids recycle rate of 
approximately 100% of the influent flow rate.  During these conditions, the reactor was at the 
maximum solids concentration possible given the current conditions and increasing the 
recycle rate did not improve the solids balance.  The settling zone would fill with solids and 
this set the maximum reactor SRT possible given reactor operating conditions and sludge 
settling characteristics.   
Prior to testing, the influence of high recycle rates was thought to potentially degrade 
reactor performance by increasing the effective reactor HRT and “shifting” the influent zone 
further into the reactor.  Recycle rates within the range tested did not appear to negatively 
affect performance and there was some correlation with increased ammonia, orthophosphate 
and magnesium concentrations (R2= 0.78, 0.59, 0.69).  Correlation of recycle rate with other 
reactor parameters were all less significant.  Increased recycle appears to have improved 
performance by providing elutriation of constituents from within the thickened sludge 










Figure 5.6 shows daily average pH, ORP and reactor temperature.  Influent pH was 
near neutral to slightly acidic, averaging 7.0±0.05, 6.8±0.07 in the waste sludge and 7.0±0.06 
in the effluent.  ORP averaged 40±7 mV in the reactor influent, -265±45 mV in zone one, 
and -352±19 mV in zone two.  ORP in zone one was more variable than zone one, likely due 
to varied influent conditions.  ORP in zone two was predominantly in the -300 mV to -400 
mV range, which is significantly lower than the -100 to -200 mV range typical of complete 
mix basins (Barnard et al., 2017).  The lower ORP values represents a “stronger” anaerobic 
condition and appears to offer benefits for phosphorus release as demonstrated with the 
current study.  Anaerobic conditions with very reduced redox conditions below -300 mV 
have also been shown beneficial for sidestream fermentation and/or anaerobic zones as part 
of EBPR activated sludge systems by promoting a diversity of PAOs which improves 
phosphorus removal (Barnard, 2017).  Table 5.3 summarizes correlation coefficient (R2) 
values for ORP with reactor operating parameters and influent and effluent constituents.   
The reactor mixers were operated for 15 seconds every 3 hours. The mixer power 
output of about 2.1 HP/1,000 CF and velocity gradient of 30 S-1, were both on the low end of 
typical values for similar wastewater applications, but appeared to work well to provide 
minimal mixing to “break up” channels in the sludge, avoid significant disruption to the 
thickened sludge blanket and minimize air entrainment (Metcalf and Eddy, 2003; Sindall et 
al., 2013).  
There was evidence of minor air entrainment during mixing.  When the mixers turned 
on, the ORP in both zones temporarily increased approximately 5 mV (Figure 5.7).  
Increased ORP during mixing was not desirable however the small change was not a 
concern.  Preliminary tests with mixer operation every 8 hours did not appear to cause 
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Table 5.3 Reactor zone one and zone two ORP correlations  
 Correlation coefficient, R2 
Factor Zone One ORP, mV Zone Two ORP, mV 
SRT, hours 0.46* 0.21* 
Solids Recycle Rate, 
% of Influent Flow 
0.49* 0.25* 
Waste OP, mg/L 0.37* 0.60* 
Waste NH3, mg/L 0.59* 0.28* 
Waste Mg, mg/L 0.69* 0.038* 
Waste pH 0.50 0.16* 
Effluent pH 0.60 0.12* 
Effluent OP, mg/L 0.43* 0.53* 










Figure 5.8 shows ammonia and magnesium measurements.  Ammonia averaged 2.2 ± 
0.2 mg/L in the influent, 35.1 ± 3.3 mg/L in the reactor waste sludge and 22.7 ± 3.8 mg/L in 
the effluent.  The ammonia concentration in the reactor increased as the SRT increased 
(R2=0.46).  Magnesium averaged 31.6 ± 1.7 mg/L in the influent, 55.4 ± 2.7 mg/L in the 
reactor waste sludge and 39.4 ± 2.0 mg/L in the effluent. 
 Figure 5.9 shows daily average phosphorus, orthophosphate and phosphorus release 











Figure 5.9 Pilot results for total phosphorus, orthophosphate, and phosphorus release  
 
Table 5.4 summarizes multivariate correlations and response screening analysis p-
values for of influent characteristics and reactor operating conditions with phosphorus 
release.  P-values for SRT, HRT, solids recycle rate and zone 1 ORP were less than 0.05 
indicating significance at 95% confidence level in predicting phosphorus release.  Despite a 
small p-value and relatively high correlation coefficient, the solids recycle rate was probably 
not directly correlated with phosphorus release.  The recycle rate was increased to maintain a 
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stable solids balance as solids concentrations increased which occurred when SRT was 
increased.  The increase in recycle rate was therefore generally tied with SRT which would 
be expected to result in increased phosphorus release.   
 






HRT* 0.42 0.0014 
SRT* 0.62 7.56E-07 
Solids recycle rate* 0.55 1.39E-05 
Influent TSS# 0.22 0.13 
Influent VSS# 0.24 0.10 
Influent NH3
# 0.019 0.93 
Influent Mg 0.21 0.53 
Influent ORP# 0.068 0.68 
Influent pH# 0.11 0.64 
Waste TSS 0.10 0.53 
Waste VSS 0.082 0.63 
Waste pH# 0.39 0.13 
Zone 1 ORP*# 0.38 0.0039 
Zone 2 ORP# 0.20 0.18 
#Inversely correlated  
*Significant factor at 95% confidence 
 
During periods of long SRT the pH tended to decrease due to acid formation which 
decreases struvite formation potential, although ammonia, magnesium and orthophosphate 
concentrations generally increase leading to overall more favorable conditions for struvite 
precipitation.  Figure 5.10 shows struvite solubility equilibrium for varied pH at 20 degrees 
Celsius.  The struvite solubility in the reactor was calculated based on pH, temperature, and 
concentration of magnesium, orthophosphate and ammonia (Snoeyink and Jenkins, 1980).   
Figure 5.11 shows struvite solubility in the reactor waste sludge and effluent was less than 
the theoretical equilibrium solubility during the study and struvite precipitation was likely 
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minimal.  However, there were periods when conditions were close to saturation and it was 
possible some locations of the reactor were capable of struvite formation.  The design and 
operation of a phosphorus release reactor should include consideration of struvite formation 
and methods of control such as pH adjustment and/or controls to avoid conditions favorable 
to struvite.  
 
Figure 5.10 Theoretical struvite solubility equilibrium at 20 Deg. C. 
 
 




5.4.2 BioWin model calibration 
The calibrated BioWin model of the full-scale activated sludge system described in 
Chapter 3 was modified to include the pilot-scale reactor.  To determine which kinetic 
parameters in the model were relevant to the pilot reactor performance, a sensitivity analysis 
was conducted.  Parameters related to anaerobic phosphorus release were included in the 
sensitivity analysis (Table 5.5).  Kinetic parameters were varied ±75% from default values 
for the pilot reactor portion of the model with sensitive parameters shown as Figure 5.12  
Based on the sensitivity analysis, calibration parameters were varied to best match 
measured conditions using least sum of square errors.  Table 5.6 summarizes BioWin model 
default and calibrated parameters and  
Table 5.7 summarizes field measurements, default and calibrated BioWin model 
results.  The calibration was acceptable, with difference between the field measurements and 
the calibrated model less than 10% except for modeled effluent total phosphorus which was 
about 25% less than measured values.  The difference in total phosphorus values may have 
been caused by how the model considered phosphorus release from thickened sludge.  In the 
pilot, phosphorus released from the thickened sludge blanket could have been “stuck” to 
solids.  Elutriation of wastewater solids is an option to “release” constituents from within 
sludge blankets and/or thickened sludge (Randall et al., 1992).  For the present worth, 
increasing the solids recycle rate, increasing the mixing intensity and/or cycle time could be 
considered.  However, excessive recycle flow or mixing could be counterproductive by 
breaking up the sludge blanket, decreasing waste sludge solids concentration, reducing the 
effective retention time, or increasing the effluent solids concentration.  Future work could 




Table 5.5 Selected BioWin calibration parameters and nomenclature for pilot reactor 
Abbreviation Description 
YVFA/PHA, seq Rate constant for VFA sequestration to form PHA (stored substrate). 
bOHO, anaerobic anaerobic decay rate for OHO (1/day) 
bPAO, anaerobic anaerobic decay rate for PAO (1/day) 
bACT, anaerobic anaerobic decay rate for Acetogens (1/day) 
KOHO Half saturation constant for residual soluble substrate for OHO  
(mg COD/L) 
KPHA/PAO Half saturation constant for PHA, used as substrate by phosphorus 
accumulating organisms (mg CODPHB / mg CODPAO) 
KOHO, anaerobic Half saturation of complex substrate under anaerobic conditions of OHO 
(mg COD/L) 
KMg Half saturation constant for Magnesium storage during poly-P synthesis 
(mg Mg/L) 
YHYD Rate constant for hydrolysis of slowly degradable organics into readily 
degradable substrate (1/day) 
KHYD Monod half saturation constant for the regulation of hydrolysis rate, 
expressed in terms of particulate substrate to heterotrophic biomass ratio  
UmaxACT. Maximum specific growth rate of Acetogens in the absence of substrate 
limitations (1/day) 
UmaxOHO, anaerobic maximum specific growth rate of OHO under anaerobic conditions 
(1/day) 



















Table 5.6 Summary of calibrated BioWin model parameters for pilot reactor 
Abbreviation Default Model Calibrated Model 
YVFA/PHA, seq 4.5 2.0 
bOHO, anaerobic 0.131 0.35 
bPAO, anaerobic 0.04 0.04 
bACT, anaerobic 0.05 0.05 
KOHO 5 6 
KPHA/PAO 0.1 0.1 
KOHO, anaerobic 5 8 
KMg 0.1 0.1 
YHYD 2.1 2.4 
KHYD 0.06 0.06 
UmaxACT. 0.25 0.25 
UmaxOHO, anaerobic 3.2 0.5 
UmaxPAO 0.95 1.3 
 
 
Table 5.7 Comparison of average measured, default and calibrated model calibration targets for pilot reactor 
Parameter/Description Measured Values Default Model Calibrated Model 
Effluent Total Phosphorus, mg/L 112.4 74.9 91.0 
Effluent Orthophosphate, mg/L 66.9 71.1 72.6 
Effluent Ammonia, mg/L 22.7 17.1 20.8 
Effluent Magnesium, mg/L 40.6 44.3 42.1 






5.4.3 Microbiological analysis 
MiSeq Results  
The relative abundance of phyla represented by 16S rRNA gene sequences was 
measured in the waste activated sludge (influent to the reactor) and within the reactor.  Phyla 
with over 2% relative abundance are shown as Figure 4.9.  The dominant phyla were 
(Proteobacteria, Bacteroidetes, and Firmicutes), consistent with other studies of activated 
sludge (Ferrera and Sanchez, 2016).  As noted in previous Chapters, Bacteroidete and 
Proteobacteria include a wide variety of microorganisms that are typically dominant in 
activated sludge but not well defined in terms of wastewater treatment (Nascimento et al. 
2018; Nielsen et al., 2010).  
 
150 
Figure 5.13 shows phyla with relative abundance greater than 2% for the pilot 
influent and waste sludge and compared with phosphorus release.  There was a significant 
increase in the relative abundance of phyla Chloroflexi and Firmicutes between the pilot 
influent and waste sludge as shown in Table 5.8.  Chloroflexi are filamentous bacteria 
typically abundant in wastewater treatment plants.  There does not appear to be significant 
difference in their physiology, although some data indicates they are involved with 
polysaccharide and protein degradation (Nielsen et al., 2010).  A potential concern for 
operation of the reactor is to control filamentous bacteria that could hamper thickening 
within the reactor.  The increase in Firmicutes in the reactor supports data from a full-scale 
study by Nielsen et al. (2010) that showed members of Firmicutes ferment glucose in 
anaerobic zones.  It appears that Firmicutes is beneficial to P release by producing 




Figure 5.13 Relative abundance of phyla in pilot influent and waste sludge  
 
 











freedom T Stat p-value 
Acidobacteria 2.02 2.32 17 -1.29 0.21 
Actinobacteria 2.67 2.94 22 -0.67 0.51 
Bacteroidetes 23.93 23.71 17 0.25 0.80 
Chloroflexi 1.45 2.07 19 -2.25 0.037* 
Firmicutes 2.61 3.31 21 -2.11 0.047* 
Proteobacteria 61.17 59.13 22 0.056 0.11 





Figure 5.14 shows no noteworthy change in the relative quantity of the two (known) 
predominant PAOs found in wastewater treatment facilities; Candidatus Accumulibacter 
(Accumulibacter) and Tetrasphaera, which is part of Actinetobacter-like PAOs (APAO/16S) 
category (Nielsen et al., 2019).  T-test results (Table 5.9) shows Accumulibacter decreased 
from the influent to the reactor waste sludge, although this relatively small difference may 
not be large enough to be practically significant.   
 APAOs were present in the reactor influent but were not enriched in the reactor as 
predicted by Barnard et al. (2017) in recent work that noted anaerobic environments with 
ORP values below -300 mV would select Tetrasphaera.  The ORP of the first zone averaged 
-26546 mV and the second zone -35219 mV.  Barnard et al. (2017) referenced work by 
Nguyen et al. (2011) noting that sufficient residence time under reduced redox anaerobic 
conditions may be important, however the SRT of the present study was longer than most 
typical processes and would not appear to be an issue.  Tetrasphaera has been shown to be 
the dominant PAO in many facilities, up to 30 percent of the biomass at based on studies of 
multiple northern European facilities, much higher than in the present work (Nguyen et al., 
2011; Stokholm-Bjerregarrd et al., 2017).  Despite the high abundance of Tetrasphaera in 
some facilities and recent research efforts, relatively little is known about its activity in full 
scale systems, or the proportion of Tetrasphaera that are responsible for EBPR related 
activity due to an apparent large metabolic diversity.  It also remains unknown how much 
phosphorus Tetrasphaera can accumulate relative to Accumulibacter and how much this 
varies among members of the genus (Stokholm-Bjerregarrd et al., 2017). Marques et al. 
(2017) reported about 80 percent of EBPR was due to Tetrasphaera, however the study used 
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bench scale batch tests with enriched cultures and synthetic wastewater and performance at 
full scale conditions is likely different.  
Figure 5.15 shows the relative quantity of Accumulibacter clades in the reactor 
influent and waste sludge.  The six targeted clades were present in all samples and the 
ranking of each clade was generally consistent over time.  Clade IIA and IIC were dominant, 
consistent with other full-scale studies, however Clade I was third or fourth dominant, 
opposite many full-scale studies and more similar to many bench-tests that have shown Clade 
I dominant (Zeng et al., 2018).  Relative quantities appear to be based on the influent from 
the activated sludge system, the reactor did not cause any noteworthy changes in clade 










Figure 5.14 Relative quantity of Accumulibacter/16S and Actineobacter-like PAOs/16S and 









Table 5.9 T-test results for change in Accumulibacter clade relative quantity  
 
Average Relative Quantity 







Contents T-stat P-value 
Clade I/16S# 7.41E-4 6.32E-4 2.06 0.052 
Clade IIA/16S 9.96E-3 9.80E-3 0.14 0.89 
Clade IIB/16S 5.51E-4 5.84E-4 -0.35 0.73 
Clade IID/16S 6.57E-4 3.74E-4 1.29 0.22 
Clade IIC-beta/16S 3.68E-5 3.48-5 0.24 0.81 
Clade IIC/16S 2.99E-3 2.55E-3 0.87 0.39 
Accumulibacter/16S* 2.27E-3 1.55E-3 2.73 0.014 
APAO/16S 1.67E-4 1.51E-4 1.61 0.12 
#Significant at 90% confidence 
*Significant at 95% confidence 
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5.5 Conclusion 
This study demonstrated successful operation of a new high rate anaerobic reactor for 
phosphorus release as part of a struvite recovery system with potential use as the anaerobic 
zone of an EBPR system.  The reactor successfully decoupled HRT (range 13.8-36.5; 
average 21.8 hours) and SRT (range 16.5-67.5; average 38.7 hours), resulting in a 
significantly smaller volume compared to conventional designs. The reactor demonstrated 
internal thickening and solids separation with average influent suspended solids 9,187 mg/L, 
reactor waste 28,422 mg/L and effluent 344 mg/L.  The solids recycle pump rate was varied 
between 25 and 112% of the influent flow rate with positive correlation with effluent 
ammonia, orthophosphate and magnesium concentrations.  It appears increased recycle rates 
may have provided some elutriation to free soluble constituents from within the thickened 
sludge although more research is needed to determine optimal recycle rates.   
A BioWin wastewater process model was developed and a sensitivity analysis 
conducted to determine the kinetic parameters most influential to calibrate the model.  Recent 
studies with return activated sludge anaerobic zones have suggested that existing EBPR 
process models may not be adequate. For example, current models do not include alternative 
kinetic parameters for Tetrasphaera PAOs that are suggested to contribute to phosphorus 
removal using different physiology (Dunlap et al., 2016).  No apparent correlation between 
presence of PAOs or APAOs and pilot reactor operating or performance measures was found 
and there was no enrichment of APAOs in the reactor despite conditions suggested to be 
favorable (Barnard et al., 2017; Dunlap et al., 2016). 
DNA sequencing showed a significant increase in relative abundance of phyla 
Chloroflexi and Firmicutes between the pilot influent and waste sludge from the pilot reactor, 
157 
but no correlation to reactor performance.  qPCR indicated no major changes in relative 
quantity of PAOs Accumulibacter and Actinetobacter-like PAOs (APAOs), which includes 
the PAO Tetrasphaera.  Six Accumulibacter clades were present in all samples with clades 
IIA and IIC dominant in the influent and reactor samples.  Notably, clade I was present in the 
reactor influent (waste activated sludge) in higher quantities than many other full-scale 
activated sludge studies (Zeng et al., 2018), but decreased within the reactor.  It is likely that 
other PAOs are present in full-scale systems to be discovered as microbiological detection 
methods improve (Nielsen, et al., 2012). 
Recommended design and operating parameters are presented as Table 5.10 based on 
results of the pilot study.  Variation in parameters may be required for other facilities and 
applications.  Additional work to investigate the potential benefit of adding varied 
supplemental carbon sources is planned based upon the batch tests presented in Chapter 6.   
 
Table 5.10  Phosphorus release reactor recommended design parmeters 
Parameter Design Value 
SRT, hour 30 to 48 
HRT, hour 15 to 24 
Approximate phosphorus release,  
effluent OP/influent TP 
0.22 at 30 hours SRT 
0.35 at 48 hours SRT 
Intermittent mixing energy, HP/1,000 CF 0.1-0.3 
Internal solids recycle rate, % of influent flow 0-100% 
Cover and odor control Yes, recommended 
Reactor influent TSS, mg/L 
Typical WAS  
(8,000 – 12,000)  
Reactor waste sludge TSS, mg/L 20,000 to 40,000 
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CHAPTER 6. PHOSPHORUS UPTAKE AND RELEASE FOR FULL-
SCALE ACTIVATED SLUDGE IN DRY AND WET WEATHER 
CONDITIONS 
6.1 Abstract 
BioWin wastewater process simulation models were developed to compare with a 
full-scale activated sludge system consisting of parallel nitrification-only and enhanced 
biological phosphorus removal (EBPR) treatment trains.  The model was used to predict 
EBPR performance during wet and dry weather conditions.  In the EBPR system, phosphorus 
release rates were approximately 4 times lower during wet weather and uptake rates were 
about 3 times lower than during dry weather conditions. The default model significantly 
over-predicted EBPR performance during wet weather.  A sensitivity analysis was conducted 
to determine significant model parameters and develop a calibrated model.   
Batch tests using waste activated sludge from a full-scale EBPR process were 
conducted to determine phosphorus release rates.  Supplemental carbon sources were 
investigated for potential to increase phosphorus release rates and/or total released 
phosphorus.  Phosphorus release rates were lower than most available literature sources, 
possibly due to the mild EBPR activity in the waste activated sludge resulting in less 
“releasable” phosphorus.  Some of the supplemental carbon sources had a significant benefit 
to phosphorus release rates and total phosphorus released indicating a deficit of available 





6.2 Introduction  
Many early adopters of enhanced biological nutrient removal (EBPR) processes at 
wastewater treatment facilities focused on the liquid process stream and final plant effluent to 
receiving waters, with less focus on the solids stream portion on the process.  In an EBPR 
system, phosphorus is removed from wastewater when it is taken up by phosphorus 
accumulating organisms (PAOs) and removed from the liquid stream via waste activated 
sludge and conveyed to the solids treatment system.  Traditionally, the waste sludge is 
conveyed to an anaerobic digestion system where much of the phosphorus is released from 
the sludge into solution and 1) may form struvite, 2) stays with the sludge for final disposal 
(typically land application as fertilizer) or 3) is returned to the liquid stream to be treated 
again.  The maintenance problems related to struvite formation, nutrient limitations for land 
application and interest in recovering nutrients from sludge as a valuable resource has 
refocused attention to consideration of phosphorus removal, recovery and solids management 
as part of EBPR systems (Nenov et al., 2016; Kumar and Pal, 2015).  Struvite recovery has 
emerged in recent years as a new technology to address these issues by removing phosphorus 
(as struvite) from the liquid and solids portion of the treatment process (Kataki et al., 2016).  
Full-scale struvite recovery is a relatively new technology with only about a dozen 
installations currently in service in the United States.  Some struvite recovery systems use a 
“phosphorus release” step prior to anaerobic digestion to release phosphorus from waste 
activated sludge into solution and divert away from anaerobic digestion to the struvite 
recovery system.  The only known phosphorus release system currently operating at full-
scale in North America is the America is the Waste Activated Sludge Stripping to Remove 
Internal Phosphorus (WASSTRIP™) process. The WASSTRIP™ reactor is an anaerobic 
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complete mix basin with a typical retention time of 12-24 hours that receives EBPR waste 
activated sludge (WAS) (Britton et al., 2015).  These phosphorus release reactors typically 
achieve phosphorus release of 25 to 50 mg effluent OP/mg influent TP depending on facility 
specific conditions such as wastewater characteristics and operating parameters (Britton et 
al., 2015).  High level of phosphorus release often supplemental chemical addition and/or 
influent pre-thickening.   
Anaerobic zones as part of EBPR systems also rely on phosphorus release by 
phosphorus accumulating organisms (PAOs).  While the existing designs for anaerobic zones 
have been proven capable of supporting EBPR, there has been interest in recent years to 
improve the EBPR process by optimizing the anaerobic zone and associated phosphorus 
release (Barnard et at., 2017).   
The goal of this study was to evaluate phosphorus release and uptake based on 
BioWin modeling and compare with the full-scale EBPR study described in Chapter 3 and 
evaluate the potential benefit of supplemental carbon sources to promote phosphorus release 
using batch tests.  The results of the batch tests can be used to inform planned future 
phosphorus release research of supplemental carbon addition to the pilot scale phosphorus 
release reactor described in Chapter 5.    
 
6.3 Methods and materials 
6.3.1 BioWin wastewater simulation model 
BioWin version 5.3 (Envirosim Inc., Ontario, Canada) wastewater treatment 
computer simulation models of the full-scale control and modified activated sludge trains 
were developed for prediction and comparison with field measurements.  Figures 6.1 and 6.2 
show process schematics of the control and modified models.  To simulate mixed liquor 
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fermentation (from partially settled solids) in pass one of the modified basins, sequencing 
batch reactor elements were used in place of standard bioreactor elements per 
recommendation of Envirosim (Envirosim, 2015).  Influent wastewater characteristics for 
multiple plant influent flow rates were developed using the Envirosim fractioning tool based 
on field measurements and historical data to improve simulation of wet and dry weather 
conditions.  
To calibrate the models a sensitivity analysis was conducted to determine the kinetic 
and stoichiometric parameters that were best fit with the calibration targets.  To improve 
model accuracy, the model was calibrated to multiple constituent concentrations throughout 













Figure 6.1 BioWin model schematic of control basins  
 
 





6.3.2 Phosphorus release batch tests 
Bench scale batch experiments were conducted to assess total phosphorus release 
potential and release rate using waste activated sludge from a full-scale EBPR process with 
various supplemental carbon sources (Table 6.1).  The batch tests were conducted using 15 L 
of waste activated sludge in covered plastic containers that were periodically slow mixed.  
The containers were stored indoors with constant temperature of approximately 18-20 Deg.C.  
Table 6.2 summarizes the phosphorus release batch test experimental plan.  Each test 
was conducted in triplicate. Table 6.3 summarizes the parameters measured during the batch 
tests. 
 






















45 5,050 516 278 13.6 31.6 11,630 9,460 
Glacial acetic 
acid 
N/A 1,080,470 0 0 0 0 0 0 
Biofuel “A” 
wastewater 
13,400 32,850 26.1 12.6 11.9 4.3 1,105 1,060 
Biofuel “B” 
wastewater 
361,000 402,500 66 295 408 14.8 710 700 
Ethylene Glycol N/A 1,458 0 0 0 0 0 0 










Dose (mL) per 15 L Batch 
1 Glacial acetic acid 4  
 Glacial acetic acid 8  
 Glacial acetic acid 20  
 N/A (Control) N/A 
   
2 Biofuel “A” wastewater 100  
 Biofuel “A” wastewater 500  
 Biofuel “A” wastewater 1,000  
 N/A (Control) N/A 
   
3 Biofuel “B” wastewater 20  
 Biofuel “B” wastewater 100  
 Biofuel “B” wastewater 500  
 Biofuel “B” wastewater 1,000  
 N/A (Control) N/A 
   
4 Ethylene Glycol 20  
 Ethylene Glycol 100  
 N/A (Control) N/A 
   
5 Primary Sludge 20  
 Primary Sludge 200  




Table 6.3 Laboratory data and operating parameter analysis plan 
Constituent/ 
Operating Parameter Method Reference 
Total suspended solids (TSS) 2540D# 
Volatile suspended solids (VSS) 2540E# 
Ammonia-nitrogen (NH3-N) 4500D
# 
Total phosphorus (TP) 4110C# and 4500PF# 
Orthophosphate (OP) 4500PE# 
Magnesium (Mg) 3111B 
Volatile fatty acids (VFA) 5560 
Temperature  Hach HQ Probe 
pH Hach HQ Probe 
#Standard Methods (APHA, AWWA and WEF, 2017)  
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6.4 Results and discussion 
6.4.1 Calibration of BioWin Models 
BioWin models were developed to compare the control and modified basins to 
measured values and compare EBPR performance in the modified basins for wet and dry 
weather conditions.  To determine which kinetic and stoichiometric parameters were relevant 
to the BioWin models developed for the current work, a sensitivity analysis was conducted.  
To narrow the number of variables to a manageable number, eleven parameters found most 
important to the BioWin activated sludge model (including EBPR) were selected based on 
work by Liwarska-Bizukojc and Biernacki, (2010) and Ersu et al. (2008) (Table 6.4).  
Wastewater models are typically calibrated to effluent constituent values.  To improve 
determination of reaction rates, the model calibration included multiple locations in the 
treatment process.  Measured nitrate, ammonia, total and volatile suspended solids, and total 
phosphorus were also used to improve the accuracy of the calibration.   
 
 
Table 6.4 Selected BioWin calibration parameters and nomenclature 
Abbreviation Unit Description 
YP/PHA, aerobic (mg P/mg COD) 
amount of P stored per unit PHA oxidized in 
aerobic conditions 
YP/PHA, seq (mg COD/mg COD) 
amount of PHA stored when 1 mg of acetate or 
propionate is sequestered  
YP/acetic (mg P/mg COD) 
amount of P released per 1 mg of acetate 
sequestered in form of PHA  
YlowPP (mg P/mg P) fraction of P stored in releasable poly-P form  
YOHO, aerobic  (mg COD/mg COD) 
yield coefficient for OHO under aerobic 
conditions  
bAOB, aerobic (1/day) aerobic decay rate for AOB  
bOHO, aerobic (1/day) aerobic decay rate for OHO  
KNH4 (mg N/L) substrate (N-NH4
+) half-saturation constant 
UmaxOHO, aerobic (1/day) 
maximum specific growth rate of OHO under 
aerobic conditions  
UmaxA (1/day) maximum specific growth rate for AOB  
UmaxPAO (1/day) maximum specific growth rate of PAO  
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Figures 6.3 and 6.4 show the sensitivity of stoichiometric and kinetic parameters 
varied ± 80% from default values.  The graphs include aeration basin pass one (anaerobic) 
and pass four (aerobic) orthophosphate concentrations to show EBPR sensitivity.  The 
concentration of ammonium in pass four is also included to illustrate nitrification sensitivity.  
EBPR was significantly affected by changes in YP/PHA, aerobic; YP/PHA, seq; YP/acetic; 
YlowPP ; and YOHO, aerobic.  Anaerobic and aerobic EBPR activity was not equally sensitive for 
all parameters. Several parameters (YP/PHA, aerobic; YP/PHA, seq ; and YlowPP) acted as “switches” 
that turned off EBPR activity in the model when decreased approximately 40% below the 
default values.  Nitrification was sensitive to changes in UmaxA ; bAOB, aerobic ; and KNH4, but 
not significantly affected by other parameters.   
Based on the sensitivity analysis, calibration parameters were varied to best match 
measured conditions using least sum of square errors. Table 6.5 summarizes BioWin model 
default and calibrated parameters and Table 6.6 summarizes field measurements, default and 
calibrated BioWin model results.  The difference between the field measurements and the 

































Table 6.5 Summary of calibrated BioWin model parameters for control (nitrification) and modified (EBPR) basins 













YP/PHA, aerobic; P stored per PHA oxidized in aerobic conditions 0.93 0.93 0.93 0.79 
YP/PHA, seq; PHA stored per unit acetate or propionate sequestered 0.889 0.889 0.889 0.80 
YP/acetic ; P released per unit acetate sequestered in form of PHA 0.51 0.51 0.51 0.39 
YlowPP ; fraction of P stored in releasable poly-P form 0.94 0.94 0.94 0.94 
YOHO, aerobic ; yield coefficient for OHO under aerobic conditions 0.666 0.70 0.666 0.50 
bAOB, aerobic ; aerobic decay rate for AOB 0.17 0.222 0.17 0.17 
bOHO, aerobic ; aerobic decay rate for OHO 0.62 0.50 0.62 0.62 
KNH4 ; substrate (N-NH4) half-saturation constant 0.70 0.90 0.70 0.70 
UmaxA ; max growth rate for AOB  0.90 0.30 0.90 0.495 
UmaxOHO, aerobic; max growth rate for OHO in aerobic condition 3.20 3.20 3.20 3.20 























Table 6.6 Comparison of measured, default and calibrated activated sludge model calibration targets for control (nitrification) and 
modified (EBPR) basins 
Parameter / Description 













Secondary Influent Orthophosphate 4.0 2.8 2.9 4.0 4.2 3.9 
Pass One Orthophosphate 3.5 2.1 2.0 13.8  19.8 14.5 
Pass Two Orthophosphate 3.4 2.2 2.2 8.0  9.0 7.1 
Pass Three Orthophosphate 3.2 2.5 2.4 3.0  3.9 3.2 
Pass Four Orthophosphate 3.2 2.9 2.7 2.1  1.4 2.0 
Activated Sludge TSS 3,449 2,964 3,583 3,063 3,454 2,913 
Activated Sludge VSS 2,571 2,068 2,636 2,344 2,177 1,983 
Pass One NO3 0.7 10.8 7.1 0.9 0.01 0.3 
Pass Four NO3 22.2 23.4 21.3 20.4 19.6 20.3 
Pass One NH4 22.5 8.33 15.1 16.9 23.06 21.8 
Pass Four NH4 1.4 0.07 1.4 0.9 0.1 0.9 
       
Orthophosphate Release (-) and 
Uptake (+) Rate, 
mg OP / g VSS-hour 
      
Pass One (Anaerobic)  -0.077 0.17 0.15 -1.87  -4.11 -2.31 
Pass Two (Aerobic) 0.0096 -0.036 -0.023 1.29  2.73 1.63 
Pass Three (Aerobic)  0.020 -0.068 -0.38 0.90  1.47 0.85 
Pass Four (Aerobic)  0.019 -0.082 -0.045 0.18  0.54 0.26 





6.4.2 Calibration of BioWin Model for Dry and Wet Weather Conditions 
Figure 6.5 illustrates the variation in measured orthophosphate release and uptake 
rates in the modified basin for varied hydraulic retention times compared to results using 
default model parameters from BioWin.  The model influent characteristics and operating 
parameters were adjusted to account for observed wet weather conditions but the model still 
overpredicted orthophosphate release and uptake rates compared to measured values from the 
modified basin, particularly during wet weather (short HRT) conditions.  
 
 
Figure 6.5  Comparison of average measured and default BioWin model phosphorus uptake 









To improve the accuracy of the model for wet conditions, the sensitivity of the 
calibration parameters shown in Table 6.5 were compared for wet and dry conditions.  EBPR 
activity was significantly affected by changes in YP/PHA, aerobic; YP/PHA, seq; YP/acetic; YlowPP; and 
YOHO, aerobic.  Calibration parameters were determined for varied aeration basin HRT and least 
squares regression analysis was used to determine parameter prediction equations (Table 
6.7).   
 
Table 6.7 BioWin kinetic parameter prediction equation  
Parameter Unit Prediction Equation  
YP/PHA, aerobic (mg P/mg COD) 𝑌𝑃/𝑃𝐻𝐴,𝑎𝑒𝑟𝑜𝑏𝑖𝑐 = 0.41 ln 𝐻𝑅𝑇𝐴𝐸𝑅 − 0.23        (R
2=0.97) 
YP/PHA, seq (mg COD/mg COD) 𝑌𝑃/𝑃𝐻𝐴,𝑠𝑒𝑞 = 0.3965 × 𝐻𝑅𝑇𝐴𝐸𝑅
0.33 (R2=0.92) 
YP/acetic (mg P/mg COD) 𝑌𝑃/𝑎𝑐𝑒𝑡𝑖𝑐 = 0.0755 × 𝐻𝑅𝑇𝐴𝑁𝐴
1.21 (R2=0.82) 
YlowPP (mg P/mg P) 
𝑌𝐿𝑜𝑤𝑃𝑃 = −0.0145𝐻𝑅𝑇𝐴𝐸𝑅
2
+ 0.297 × 𝐻𝑅𝑇𝐴𝐸𝑅
− 0.49 
(R2=0.93) 
YOHO, aerobic  (mg COD/mg COD) 
𝑌𝑂𝐻𝑂,𝑎𝑒𝑟𝑜𝑏𝑖𝑐 = 0.102 ln 𝐻𝑅𝑇𝐴𝐸𝑅
+ 0.305 
(R2=0.83) 
Note: HRTAER = Aerobic HRT; HRTANA = Anaerobic HRT 
 
The calibrated model was used to predict measured basin performance data, with 
phosphorus release correlation coefficient (R2) of 0.86.  Table 6.8 summarizes BioWin model 
default and calibrated parameters.  Table 6.9 summarizes field measurements, default and 
calibrated BioWin model results.  The EBPR parameter prediction equations provided a 
convenient method to quickly calibrate models to adjust for the BioWin default parameter 












Table 6.8 Calibrated BioWin activated sludge model parameters for modified (EBPR) basin 
Parameter / Description 
Dry Weather 
(Total HRT= 10.0 hours) 
Wet Weather 









YP/PHA, aerobic; P stored per PHA oxidized in aerobic conditions 0.93 0.70 0.93 0.41 
YP/PHA, seq; PHA stored per unit acetate or propionate sequestered 0.889 0.77 0.889 0.67 
YP/acetic ; P released per unit acetate sequestered in form of PHA 0.51 0.23 0.51 0.13 
YlowPP ; fraction of P stored in releasable poly-P form 0.94 0.92 0.94 0.56 
YOHO, aerobic ; yield coefficient for OHO under aerobic conditions 0.666 0.51 0.666 0.47 
bAOB, aerobic ; aerobic decay rate for AOB 0.17 0.16 0.17 0.17 
bOHO, aerobic ; aerobic decay rate for OHO 0.62 0.62 0.62 0.62 
KNH4 ; substrate (N-NH4) half-saturation constant 0.70 0.70 0.70 0.70 
UmaxA ; max growth rate for AOB  0.90 0.495 0.90 0.53 
UmaxOHO, aerobic; max growth rate for OHO in aerobic condition 3.2 3.2 3.2 3.2 















Table 6.9 BioWin activated sludge model default, calibrated and measured values for modified (EBPR) basin 
Parameter / Description 
Dry Weather 
(Total HRT= 10.0 hours) 
Wet Weather 













Pass One Influent Orthophosphate 7.8 6.6 7.7 3.9 4.0 3.8 
Pass One Orthophosphate 17.7 27.4 18.0 5.4 17.7 5.7 
Pass Two Orthophosphate 10.3 12.2 8.7 3.2 9.5 3.4 
Pass Three Orthophosphate 3.4 4.6 3.6 2.3 4.2 2.3 
Pass Four Orthophosphate 2.1 2.4 2.1 2.0 1.7 2.0 
Activated Sludge TSS 3,070 3,087 3,094 2,873 3,616 3,138 
Activated Sludge VSS 2,406 2,022 2,203 2,160 2,087 2,187 
Pass One NO3 0.8 0.01 0.01 0.7 0.01 0.1 
Pass Four NO3 23.4 19.8 19.9 13.7 9.6 9.5 
Pass One NH4 19.2 24.0 24.0 10.9 12.8 12.8 
Pass Four NH4 0.8 0.06 0.7 1.3 0.09 1.3 
       
Orthophosphate Release (-) and Uptake (+) Rate, mg OP / g VSS-hour    
Pass One (Anaerobic)  -2.51 -4.0 -1.77 -0.60 -4.22 -0.57 
Pass Two (Aerobic) 1.65 2.96 1.58 0.49 2.53 0.66 
Pass Three (Aerobic)  1.25 1.49 0.85 0.23 1.64 0.34 
Pass Four (Aerobic)  0.26 0.42 0.25 0.45 0.79 0.10 





6.4.3 Phosphorus batch test results 
Figure 6.6 and 6.7 show phosphorus release for each of the batch tests.  Acetic acid 
(20 mL dose) and Waste “A” (100, 500, and 1,000 mL doses) exhibited a significant increase 
in phosphorus release compared to the control tests.  There was relatively little phosphorus 
release for waste “B”, ethylene glycol and primary sludge compared to the control.  The 
variation in phosphorus release between the supplemental carbon sources was not clear and 
did not correlate with the supplemental carbon source characteristics shown in Table 6.1. 
A BioWin model based on the calibrated parameters described in Chapter 6.4.1 was 
developed to compare with batch test results.  Figure 6.8 illustrates the comparison of results 
for some of the acetic acid batch tests and model prediction.  Coefficient of correlation for 
the control test (waste sludge only) and with 20 mL of added acetic acid was R2=0.90 and 
R2=0.91, respectively. The modeled results at retention times above about 30 hours were 
reasonably close to the measured results.  However, there was more variation between model 
and field measurements for retention times less than about 30 hours indicating that 
stoichiometric model parameters were reasonably close to actual values but kinetic rates were 




















Figure 6.8  Phosphorus release batch test compared to BioWin model prediction 
 
 
Table 6.10 shows orthophosphate release rates with supplemental carbon were 
generally higher than the control samples, but all were lower than most reported values from 
batch tests using activated sludge from full-scale facilities shown as Table 6.11.  The low 
release rates may be caused by a relatively small amount of “releasable” orthophosphate in 
the PAOs since only mild or moderate EBPR activity was observed in the full-scale activated 
sludge system described in Chapter 3 from which the sludge for the batch tests were sourced.  
The wide range of orthophosphate release rates and other related parameters found in 
literature emphasizes the importance of developing sound design criteria for EBPR systems 
or processes relying of PAOs.   
Figure 6.9 shows a comparison of phosphorus release rate measurements from some 
of the acetic acid batch tests and the BioWin model prediction.  The modeled initial 
(maximum) release rates were not as high as measured values, but did not drop as quickly.  
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The net effect was similar measured and modeled phosphorus release after approximately 30 
hours retention.   
 
 





(mL per 15L) 
Phosphorus Release Rate 
(mg OP/g VSS-hour) 
Maximum 
At 30 hours 
Retention Time 
Control (WAS) N/A 0.200.80 0.110.053 
Glacial acetic acid 4  0.39±0.32 0.05±0.02 
Glacial acetic acid 8  1.23±0.29 0.06±0.02 
Glacial acetic acid 20  1.41±0.35 0.10±0.04 
Biofuel “A” wastewater 100  0.32±0.18 0.10±0.07 
Biofuel “A” wastewater 500  2.09±0.38 0.10±0.01 
Biofuel “A” wastewater 1,000  2.11±0.83 0.07±0.04 
Biofuel “B” wastewater 20  0.12±0.19 0.03±0.08 
Biofuel “B” wastewater 100  0.26±0.18 0.06±0.05 
Biofuel “B” wastewater 500  0.49±0.32 0.04±0.04 
Biofuel “B” wastewater 1,000  0.34±0.07 0.07±0.03 
Ethylene Glycol 20  0.50±0.13 0.35±0.07 
Ethylene Glycol 100  0.53±0.06 0.37±0.08 
Primary Sludge 20  0.10±0.04 0.05±0.09 












Table 6.11 Activated sludge phosphorus release rates from reported literature 
Orthophosphate 
Release 
(mg OP/g VSS-hr) Note/Reference 
0.08 ± 0.08 
Control (nitrification-only) basin, present study Chapter 3 
(95% Confidence) 
1.9 ± 0.35 
Modified (EBPR) basin, present study Chapter 3 
(95% Confidence) 
0.78 – 2.04 Existing activated sludge modified to EBPR (Qin et al., 2014) 
3.9 Existing activated sludge modified to EBPR (Cao et al., 2009) 
0.22 – 7.9 
Survey of ten full-scale facilities  
(Zhang et al., 2011) 
0.22 – 1.81 
Batch tests with wastewater from five full-scale facilities 
(Zeng et al., 2018) 
5.0 
Membrane bioreactor pilot plant,  
Monclus et al., 2010 
13.0 
Batch tests with wastewater from two full-scale facilities 
(Kuba et al., 1997)  
17.4 
Batch tests with wastewater from seven full-scale facilities 
(Lopez-Vazquez et al., 2008) 
11.1 
Batch tests with wastewater from five full-scale facilities 
(He et al., 2008) 
6.0 
Batch tests with wastewater from full-scale facility 





Figure 6.9  Measured phosphorus release batch test with added acetic acid and comparison 




BioWin wastewater process models were developed based on study of a full-scale 
activated sludge system with split trains of nitrification-only and EBPR operation as 
described in Chapter 3.  The models were used to predict EBPR performance and the 
influence of wet weather conditions on phosphorus removal, including phosphorus uptake 
and release rates.  A sensitivity analysis was conducted to identify which model parameters 
had a significant influence on model results and was used to develop calibrated models of the 
nitrification-only and EBPR treatment trains for dry and wet weather conditions.  Prediction 
equations based on aeration basin hydraulic retention time were developed for the sensitive 
model parameters to provide an easy method to approximate parameters.  Measured EBPR 
performance significantly decreased during and following wet weather conditions, and the 
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default models over-predicted phosphorus removal during wet weather conditions. However, 
the calibrated models were acceptably close to field measurements.  In the EBPR system, 
phosphorus release rates were approximately 4 times lower during wet weather and uptake 
rates were about 3 times lower than during dry weather conditions.  
There is relatively limited data concerning performance of phosphorus release 
reactors as part of struvite (phosphorus) recovery systems.  Batch tests using waste activated 
sludge from a full-scale EBPR process were conducted to determine phosphorus release 
rates.  Several supplemental carbon sources were added to the batch tests to determine the 
potential to increase phosphorus release rates and/or total released phosphorus.  Test results 
indicated phosphorus release rates lower than most available literature.  The low rates may be 
caused by the mild to moderate EBPR activity measured in the waste activated sludge 
possibly resulting in relatively low “releasable” phosphorus.   
Some of the supplemental carbon sources had a significant benefit to phosphorus 
release rates and total phosphorus released indicating a deficit of available carbon.  The 
varied performance observed in batch tests matches results by Swinarski et al. (2012) and 
Wei et al. (2014) who noted some types of supplemental carbon sources have different 
effects on PAO growth and activity.  Additional pilot scale testing based on the pilot system 
described in Chapter 5 is planned to confirm results and optimal dosing location and amount 
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CHAPTER 7. GENERAL CONCLUSION 
7.1 Conclusions 
Adoption of enhanced biological phosphorus removal (EBPR) has greatly increased 
in the past 20 years to meet effluent phosphorus limits.  Interest in optimizing EBPR has 
further grown as a way to increase yield of phosphorus (struvite) recovery systems, which is 
a promising new technology to reduce effluent phosphorus, reduce nuisance struvite 
formation, and recover some operating expenses by selling the recovered struvite as a 
fertilizer.  Despite years of research regarding EBPR, there remain questions related to 
process reliability, wet weather impacts, and understanding the microbial processes that can 
be used to improve performance.  This study addressed some of the above issues with the 
following conclusions: 
Chapter 3: 
• EBPR was successfully established in an activated sludge system modified from a 
nitrification-only system using low-cost methods 
• Wet weather impacts were significant with phosphorus release and uptake rates 
during wet weather 3-4 times less than dry weather 
• The relative abundance of several phyla (Bacteroidetes, Chloroflexi, Nitrospirae, and 
Proteobacteria) were significantly different between the modified and control basins, 
however there was no significant correlation with operating parameters/performance 
• There was no correlation between PAO abundance and phosphorus removal, 





• Two new high-rate anaerobic plug flow reactors were compared to a conventional 
complete mix reactor for phosphorus release.  The plug flow reactors had similar 
phosphorus release performance, but due to uncoupled hydraulic and solids retention 
time could be significantly smaller in volume or could accommodate increased 
flowrate compared to a complete mix reactor 
• An economic analysis of the three reactors shows the new three-zone plug flow 
reactor is the lowest cost alternative based on a 20-year present-worth cost 
• Microbial analysis was conducted for the three-zone plug flow reactor: 
o The relative abundance of phyla Bacteroidetes and Proteobacteria 
significantly decreased, but there was no significant correlation to reactor 
performance 
o There was no significant change in the relative quantity of Actinetobacter-like 
PAOs (APAOs) which includes the genus the Tetrasphaera and has been 
suggested to be selected in anaerobic environments with redox potential below 
about -300 mV, similar to the present study.   
Chapter 5: 
• A three-zone high rate plug flow phosphorus release reactor was successfully 
demonstrated at pilot scale.  The features internal solids thickening to permit 
uncoupled hydraulic and solids retention times resulting in a significantly smaller 
volume compared to conventional designs.  
• A BioWin process model was developed and sensitivity analysis conducted to 
determine significant model parameters for calibration.   
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• There was a significant increase in relative abundance of phyla Chloroflexi and 
Firmicutes within the reactor, but no correlation to performance.   
• There was no apparent enrichment of APAOs or correlation to operating or 
performance measures  
• Recommended design and operating parameters for the reactor were developed.  
 
Chapter 6: 
• Batch tests using waste activated sludge were conducted to measure phosphorus 
release, with release rates on the low end of reported values.  Supplemental carbon 
sources were added with acetic acid and waste “A” (ethanol biofuel refinery waste) 
significantly increasing phosphorus release and no significant change for waste “B”, 
ethylene glycol, or primary sludge.  
• A BioWin process model was developed based on the full-scale activated sludge 
system as described in Chapter 3 to determine phosphorus uptake and release rates for 
dry and wet weather conditions.  The default model parameters significantly over-
predicted phosphorus release and uptake rates during wet weather conditions. A 
sensitivity analysis was conducted to determine which model parameters were 
significant for dry and wet weather.   
 
7.2 Recommendations for future research 
There remain many areas of potential further research related to enhanced biological 
phosphorus removal (EBPR) particularly improving process reliability, optimization 
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regarding phosphorus (struvite) recovery systems and better understanding the underlying 
microbial mechanisms and translating that to better treatment performance.  
Additional full-scale research using varied influent feed conditions and return 
activated sludge fermentation is planned to build upon the results presented in Chapter 3 to 
increase EBPR performance during wet weather conditions.  
The phosphorus release research from Chapters 4 and 5 would be useful information 
for sizing phosphorus release reactors for use with struvite recovery systems or for return 
activated sludge fermentation reactors for side-stream enhanced biological phosphorus 
removal (SSEBPR), however there has not been much research regarding phosphorus release 
from waste or return activated sludge as noted by Dold and Conidi (2019) and additional 
research for varied operating conditions and wastewater characteristics is needed.   
The high rate anaerobic reactor evaluated in Chapters 4 and 5 appears to have 
potential application as an anaerobic zone for an SSEBPR system for secondary treatment, 
however research is needed to determine optimized sizing criteria.  The reactor could perhaps 
be used as a combined phosphorus release/anaerobic zone for facilities with SSEBPR and 
struvite recovery.  Additional research is planned for the pilot-scale reactor described in 
Chapter 5 to add supplemental carbon to expand upon bench-scale work from Chapter 6 
under more realistic operating conditions.   
Microbial research has greatly expanded as new techniques have decreased costs in 
the last 10 years.  There is currently much debate among researchers about PAOs from the 
genus Tetrasphaera.  Tetrasphaera appears to have significantly varied metabolic 
preferences and capabilities, possibly including potential to “switch” metabolism that may 
explain contradictory results among literature (Ranbin et al., 2019).  Physiological study 
191 
under full-scale and/or using real wastewater is needed to determine the contribution of 
Tetrasphaera for full-scale systems since results from lab-scale work and synthetic 
wastewater has not been consistent or well-correlated with full-scale results.   
Additional research is also needed to determine what conditions promote growth of 
Tetrasphaera, particularly under dynamic conditions in mixed microbial communities typical 
of full-scale treatment plants. Bench and pilot scale work using real wastewater as described 
in Chapters 4 and 5 did not result in enrichment of APAOs, of which a significant portion is 
Tetrasphaera. 
Barnard et al. (2019) has proposed that Tetrasphaera exhibits an alternative 
mechanism for phosphorus removal compared to Accumulibacter and other “traditional” 
PAOs (Chapter 2).  These researchers further claim that SSEBPR systems select for 
Tetrasphaera and show improved phosphorus removal performance.  Recent work by Dold 
and Conidi (2019) has been critical of the proposed alternative Tetrasphaera physiology, 
noting that anaerobic zones at many conventional EBPR facilities are often sized too small; 
often less than 10 percent of the mass fraction of solids, when 15 to 25 percent is 
recommended.  Small anaerobic zones result in unreliable EBPR performance, which is 
confused with an inherent instability in EBPR.  Dold and Conidi note that RAS fermentation 
in SSEBPR offers some benefits over conventional EBPR, but primarily large anaerobic 
mass fraction that does not necessarily outperform a properly sized conventional EBPR.  
Batch RAS fermentation tests of PHA storage products, fermentation products and 
orthophosphate release appears to match understanding of “traditional” PAOs and the case 
for alternative PAO metabolism remains unclear (Dold and Conidi, 2019). There is need for 
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further research to confirm existing studies and expand understanding of the complex 











Table A.1 Activated Sludge Data from Chapter Three 
      Influent Primary Effluent 
Date Year-Day Precipitation Daily Ave. Flow Peak Daily Flow Temperature BOD TSS TP OP NO3 NH3 
    (inch) (MGD) (MGD)  (Deg C) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
3/27/2017 1-1   65.0 76.5 15.5             
3/28/2017 1-2   62.7 71.4 15.6             
3/29/2017 1-3 1.47 91.2 180.7 15.6 128 80       25 
3/30/2017 1-4 0.01 135.2 178.2 14.6 118 144 3.8 2.7 0.3 14 
3/31/2017 1-5   103.2 119.2 15 97 98       11 
4/1/2017 1-6 0.02 91.9 105.0               
4/2/2017 1-7 0.14 89.9 111.8               
4/3/2017 1-8 0.50 102.8 142.1 15.3     3.79 2.6 0.4 13 
4/4/2017 1-9 0.01 98.8 116.2 14.7             
4/5/2017 1-10 0.52 108.0 126.6 13.8 87 75       14 
4/6/2017 1-11   101.7 115.4 14.3 102 90       13 
4/7/2017 1-12   94.7 105.9 14.7 124 60 1.9 2.1 0.6 15 
4/8/2017 1-13   90.1 103.6               
4/9/2017 1-14   86.2 98.4               
4/10/2017 1-15   81.6 94.6 15.6       2.3     
4/11/2017 1-16   76.0 87.7 14.3             
4/12/2017 1-17 0.02 74.7 83.4 16.6 136 90       23 
4/13/2017 1-18 0.04 72.8 82.7 17.3 135 65 5.6 2.8 0.5 23 
4/14/2017 1-19 0.15 78.9 110.6 15.5 140 85       22 
4/15/2017 1-20 0.49 80.5 135.8               
4/16/2017 1-21   96.1 125.7               
4/17/2017 1-22   83.5 94.3 16.1     4.2 2.1 0.5   
4/18/2017 1-23 0.05 82.0 106.6 16             
4/19/2017 1-24 0.13 78.3 107.0 15.1 82 120       25 
4/20/2017 1-25   75.8 103.1 16.1 92 110       26 
4/21/2017 1-26   72.5 81.5 15.2 205 95   2.6   28 
4/22/2017 1-27   71.0 83.0               
4/23/2017 1-28   70.1 82.3               
4/24/2017 1-29   70.3 80.9 17.7       2.8     
4/25/2017 1-30   68.3 77.4 16     10 5 0.4 26 
4/26/2017 1-31 0.02 66.9 76.7 15.2 135 75       27 








Table A.1   (Continued) 
 Aeration Control Basin 
Date Basins Pass 1 Start OP Pass 1 OP Pass 2 OP Pass 3 OP Pass 4 OP Pass 1 NO3 Pass 2 NO3 Pass 3 NO3 Pass 4 NO3 
  No. Online (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
3/27/2017 6                   
3/28/2017 6                   
3/29/2017 6         2.6         
3/30/2017 6   2.725               
3/31/2017 6                   
4/1/2017 6                   
4/2/2017 6                   
4/3/2017 6 2.3 1.95 1.9 1.85 1.75 2.7     14 
4/4/2017 6                   
4/5/2017 6                   
4/6/2017 6                   
4/7/2017 6 2.0 2.3 2 1.9 1.8 0.6 4 8.2 14.4 
4/8/2017 6                   
4/9/2017 6                   
4/10/2017 6                   
4/11/2017 6                   
4/12/2017 6                   
4/13/2017 6 2.6 3 2.9 2.6 2.3 0.5 5 13.6 21.9 
4/14/2017 6                   
4/15/2017 6                   
4/16/2017 6                   
4/17/2017 6 2.0 2.2 2.1 1.9 1.7 0.5 6 14.3 23 
4/18/2017 6                   
4/19/2017 6                   
4/20/2017 6                   
4/21/2017 6 2.6       2.5         
4/22/2017 6                   
4/23/2017 6                   
4/24/2017 6   2.5               
4/25/2017 6 4.2 2.9 2.6 2.6 2.6 0.4 2 15 25 
4/26/2017 6                   








 Table A.1   (Continued) 
 Control Basin 
Date Pass 1 NH3 Pass 2 NH3 Pass 3 NH3 Pass 4 NH3 MLSS MLVSS Pass 1 ORP Pass 2 ORP Pass 3 ORP Pass 4 ORP 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mV) (mV) (mV) (mV) 
3/27/2017         3,700 4,037         
3/28/2017         3,900 3,805         
3/29/2017         4,300 3,517 49 162 182 261 
3/30/2017         3,800 3,932         
3/31/2017         4,200 3,586         
4/1/2017         4,900 4,092         
4/2/2017         5,400 4,397         
4/3/2017         4,900 3,598 85 170 175 275 
4/4/2017         5,300 6,809         
4/5/2017         3,800 6,891         
4/6/2017         5,000 6,464         
4/7/2017 13.7 6.9 2.8 0.2 3,600 7,223 100 171 211 247 
4/8/2017         5,000 10,126         
4/9/2017         4,900 10,514         
4/10/2017         4,200 4,160 125 107 162 256 
4/11/2017         4,600 9,074         
4/12/2017         4,400 2,902         
4/13/2017 22.1 10.6 2.3 0.3 4,000 2,710 100 162 171 253 
4/14/2017         3,900 2,485         
4/15/2017         3,600 2,259 38 159 217 301 
4/16/2017         2,800 2,485         
4/17/2017 -0.5 -0.2 2.7 0.01 4,300 2,315 89 168 165 241 
4/18/2017         5,100 2,637         
4/19/2017         4,400 3,243         
4/20/2017       0.2 4,900 3,606         
4/21/2017         5,400 2,885 44 127 204 219 
4/22/2017         4,200 3,029         
4/23/2017         2,600 2,524         
4/24/2017         3,900 2,596         
4/25/2017 25.3 14.9 2.1 0.5 3,300 2,454 85 181 209 262 
4/26/2017         3,100 2,091         








Table A.1   (Continued) 
 Control Basin 
Date Pass 1 DO Pass 2 DO Pass 3 DO Pass 4 DO Pass 1 Airflow Pass 2 Airflow Pass 3 Airflow Pass 4 Airflow 
  (mg/L) (mg/L) (mg/L) (mg/L) (scfm) (scfm) (scfm) (scfm) 
3/27/2017 0.5 0.7 1.0 2.4 1,328 975 1,697 708 
3/28/2017 0.5 0.7 1.0 3.5 1,376 995 1,702 659 
3/29/2017 0.5 0.7 0.9 2.6 1,326 1,068 1,780 846 
3/30/2017 0.3 0.7 1.0 3.0 1,383 933 1,415 908 
3/31/2017 0.3 0.7 1.0 3.7 1,376 1,315 1,661 621 
4/1/2017 0.4 0.7 1.2 3.8 1,395 1,021 1,272 603 
4/2/2017 0.4 0.7 1.2 3.2 1,381 1,223 1,402 693 
4/3/2017 0.4 0.7 1.0 3.1 1,389 1,458 2,003 662 
4/4/2017 0.5 0.7 1.0 3.8 1,391 1,216 2,281 605 
4/5/2017 0.5 0.7 1.0 4.5 1,394 1,059 2,380 602 
4/6/2017 0.5 0.6 1.0 3.9 1,395 844 2,129 703 
4/7/2017 0.5 0.6 1.0 3.5 1,392 690 2,403 780 
4/8/2017 0.5 0.6 1.0 3.9 1,398 636 1,786 592 
4/9/2017 0.6 0.6 1.1 4.0 1,399 619 1,652 598 
4/10/2017 0.5 0.6 1.0 3.5 1,396 680 2,279 733 
4/11/2017 0.5 0.6 1.0 3.0 1,399 729 2,252 855 
4/12/2017 0.6 0.6 1.0 3.4 1,397 692 2,117 763 
4/13/2017 0.6 0.6 1.0 3.3 1,371 684 2,189 805 
4/14/2017 0.2 0.5 0.7 1.6 1,357 1,564 2,657 1,681 
4/15/2017 0.4 0.6 1.2 4.8 1,395 693 1,467 665 
4/16/2017 0.6 1.3 1.8 4.9 1,382 652 1,170 690 
4/17/2017 0.5 0.6 1.0 4.2 1,390 618 1,458 674 
4/18/2017 0.4 0.5 0.9 2.7 1,395 676 1,974 777 
4/19/2017 0.5 0.6 1.0 3.5 1,397 774 2,360 635 
4/20/2017 0.5 0.5 1.0 3.1 1,394 689 2,434 747 
4/21/2017 0.4 0.5 0.9 1.8 1,309 1,192 2,333 1,387 
4/22/2017 0.4 0.6 1.0 4.6 1,374 697 1,648 582 
4/23/2017 0.5 0.6 1.1 5.3 1,383 646 1,374 582 
4/24/2017 0.5 0.6 1.0 4.3 1,375 639 1,702 592 
4/25/2017 0.6 0.6 1.0 3.7 1,358 613 1,682 729 
4/26/2017 0.7 0.6 1.0 5.0 1,382 598 1,480 614 







Table A.1   (Continued) 
 Control Basin Modified Basin 
Date RAS Flow WAS Flow WAS TSS WAS VSS WAS TP Pass 1 Start OP Pass 1 OP Pass 2 OP Pass 3 OP Pass 4 OP 
  (MGD) (MGD) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
3/27/2017 9.83 0.00 9,900 9,000             
3/28/2017 9.43 0.00       0.7 2.1     2.2 
3/29/2017 13.83 0.00                 
3/30/2017 21.72 0.00                 
3/31/2017 16.08 0.00               2.1 
4/1/2017 14.03 0.00                 
4/2/2017 13.76 0.00                 
4/3/2017 15.62 0.69 14,400 10,200 228 2.2 1.75 1.6 1.45 1.35 
4/4/2017 15.26 0.67 14,200 11,600             
4/5/2017 16.73 0.68 9,800 8,500             
4/6/2017 15.90 0.71 14,700 12,300             
4/7/2017 14.78 0.74 14,800 13,600 235 1.9 2.2 2 1.6 1.55 
4/8/2017 13.73 0.75 14,300 12,700             
4/9/2017 13.02 0.73 12,800 11,400             
4/10/2017 12.76 0.71 11,500 10,200             
4/11/2017 11.70 0.70 11,900 9,500             
4/12/2017 11.47 0.72 11,400 8,700             
4/13/2017 10.97 0.00 11,100 8,200 186 2.4 3.8 3.1 2.3 1.4 
4/14/2017 12.05 0.00                 
4/15/2017 12.18 0.00                 
4/16/2017 14.78 0.00                 
4/17/2017 13.00 0.73 10,200 7,200 166 1.8 3.1 2.5 1.8 1.3 
4/18/2017 12.70 0.75                 
4/19/2017 11.94 0.76 13,600 13,100             
4/20/2017 12.78 0.76                 
4/21/2017 11.48 0.76 12,000 10,700   2.2 3.4 3 2.1 1.5 
4/22/2017 11.05 0.72 11,000 9,600             
4/23/2017 10.55 0.60 7,600 7,200             
4/24/2017 10.59 0.59 9,900 8,000   1.9 7.7       
4/25/2017 11.34 0.63 8,900 7,700 276 3.9 4.4 5.1 2.4 1.3 
4/26/2017 9.11 0.62                 








Table A.1   (Continued) 
 Modified Basin 
Date Pass 1 NO3 Pass 2 NO3 Pass 3 NO3 Pass 4 NO3 Pass 1 Start NH3 Pass 1 NH3 Pass 2 NH3 Pass 3 NH3 Pass 4 NH3 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
3/27/2017                   
3/28/2017                   
3/29/2017                   
3/30/2017                   
3/31/2017                   
4/1/2017                   
4/2/2017                   
4/3/2017 0.6 1.2 1.45 1.25   11.9 11.7 10.6 12.1 
4/4/2017                   
4/5/2017                   
4/6/2017                   
4/7/2017 0.7 5.148 13.6 14.3   15 10.6 1.4 0.7 
4/8/2017                   
4/9/2017                   
4/10/2017                   
4/11/2017                   
4/12/2017                   
4/13/2017 0.3 9 20 22.5   22.2 14.1 3.3 0.5 
4/14/2017                   
4/15/2017                   
4/16/2017                   
4/17/2017                 4.7 
4/18/2017                   
4/19/2017                   
4/20/2017                   
4/21/2017                   
4/22/2017                   
4/23/2017                   
4/24/2017                   
4/25/2017 0.1 10.794 25.4 25.7   24.9 15.1 0.6 0.5 
4/26/2017                   







Table A.1   (Continued) 
 Modified Basin 
Date MLSS MLVSS Pass 1 ORP Pass 2 ORP Pass 3 ORP Pass 4 ORP Pass 1 DO Pass 2 DO Pass 3 DO Pass 4 DO 
  (mg/L) (mg/L) (mV) (mV) (mV) (mV) (mg/L) (mg/L) (mg/L) (mg/L) 
3/27/2017 3,900 3,500   111.2 187.3 250.4 0.1 0.7 1.0 2.8 
3/28/2017 3,500 2,300         0.1 0.8 1.2 3.0 
3/29/2017 2,700 2,100         0.1 0.7 1.0 2.9 
3/30/2017 3,100 2,600 -48 91.1 235.4 243.6 0.1 0.7 1.7 2.0 
3/31/2017 1,400 1,000         0.1 0.7 1.4 2.0 
4/1/2017 1,800 1,200 -58 112.8 183.4 190.9 0.1 0.7 1.7 2.0 
4/2/2017 1,200 1,500         0.1 0.7 1.6 2.0 
4/3/2017 1,300 1,300 -51 129.4 193.4 212.9 0.1 0.7 1.6 2.0 
4/4/2017 1,100 700         0.1 0.7 2.3 2.0 
4/5/2017 900 800   111.7 234.7 202.4 0.2 0.7 2.5 2.0 
4/6/2017 1,200 900         0.1 0.6 2.3 2.1 
4/7/2017 1,300 800 -77 113.3 177.9 192.9 0.1 0.5 1.5 2.0 
4/8/2017 1,500 1,300         0.1 0.5 1.6 2.0 
4/9/2017 1,000 1,000   99 205.7 239.3 0.1 0.5 1.6 2.0 
4/10/2017 1,800 900         0.1 0.5 1.2 2.0 
4/11/2017 1,300 600   82.6 172.9 199.4 0.1 0.5 1.1 2.0 
4/12/2017 1,400 1,200         0.1 0.5 1.0 2.0 
4/13/2017 2,200 1,900 -156 109.8 159.6 245.7 0.1 0.5 1.0 2.0 
4/14/2017 1,500 1,300         0.1 0.4 0.9 1.9 
4/15/2017 1,900 1,600   76.1 164 221.2 0.1 0.5 1.0 2.0 
4/16/2017 2,000 1,600         0.1 1.2 1.1 2.0 
4/17/2017 2,800 2,000 -106 91.1 177.8 256.1 0.1 0.5 1.0 2.0 
4/18/2017 3,300 3,300         0.1 0.5 1.0 2.0 
4/19/2017 2,300 2,000   109.6 157.2 255.9 0.1 0.5 1.0 2.0 
4/20/2017 3,600 2,500         0.1 0.5 1.0 2.0 
4/21/2017 2,900 2,500 -118 79.4 176.9 189.7 0.1 0.4 0.8 1.8 
4/22/2017 2,700 2,000         0.1 0.5 1.0 2.0 
4/23/2017 2,100 1,500   90.3 176.8 251.9 0.1 0.5 1.0 2.1 
4/24/2017 3,500 2,800         0.1 0.5 1.0 2.0 
4/25/2017 3,500 2,800 -144 111.2 179.8 202 0.1 0.5 1.0 2.0 
4/26/2017 3,300 2,300         0.1 0.5 1.0 2.4 







Table A.1   (Continued) 
 Modified Basin 
Date Pass 1 Airflow Pass 2 Airflow Pass 3 Airflow Pass 4 Airflow RAS Flow WAS Flow WAS TSS WAS VSS WAS TP 
  (scfm) (scfm) (scfm) (scfm) (MGD) (MGD) (mg/L) (mg/L) (mg/L) 
3/27/2017 593 3,089 1,103 791 9.82 0.00 11,000  8,470    
3/28/2017 138 3,272 999 608 9.43 0.00       
3/29/2017 52 3,064 952 980 13.82 0.00       
3/30/2017 56 2,113 604 978 21.09 0.00       
3/31/2017 90 1,873 617 889 16.09 0.00       
4/1/2017 108 1,565 600 825 14.01 0.00       
4/2/2017 107 1,799 611 908 13.75 0.00       
4/3/2017 109 2,055 588 977 15.44 0.00 4,000  3,200  65.9 
4/4/2017 98 1,781 589 786 15.14 0.00       
4/5/2017 97 1,618 597 721 16.50 0.00       
4/6/2017 93 1,460 598 678 15.58 0.00       
4/7/2017 94 1,720 596 781 14.57 0.00       
4/8/2017 93 1,597 599 807 13.65 0.00       
4/9/2017 91 1,473 599 815 13.01 0.00       
4/10/2017 90 1,819 603 887 12.67 0.00 3,800  2,890    
4/11/2017 102 1,912 623 898 11.70 0.00       
4/12/2017 101 2,032 697 997 11.41 0.00       
4/13/2017 106 2,320 830 1,123 11.00 0.00       
4/14/2017 121 3,787 1,635 1,490 11.99 0.00       
4/15/2017 197 2,176 871 1,186 12.08 0.00       
4/16/2017 92 1,921 827 1,140 14.69 0.00       
4/17/2017 92 1,726 839 1,192 13.00 0.29 8,800  6,690  204 
4/18/2017 92 2,033 1,003 1,329 12.71 0.00       
4/19/2017 91 2,222 1,159 1,452 11.94 0.00       
4/20/2017 91 2,583 1,364 1,568 12.93 0.00       
4/21/2017 86 3,533 1,580 1,775 11.86 0.00       
4/22/2017 103 2,504 1,423 998 11.06 0.00       
4/23/2017 103 2,234 1,376 918 10.54 0.00       
4/24/2017 97 2,709 1,786 1,214 10.59 0.00       
4/25/2017 90 2,676 1,969 1,349 10.26 0.18 9,400  7,520  210 
4/26/2017 101 2,476 1,804 779 10.41 0.53 10,200  7,850    







Table A.1   (Continued) 
    Influent Primary Effluent 
Date Year-Day Precipitation Daily Ave. Flow 
Peak Daily 
Flow Temperature BOD TSS TP OP NO3 NH3 
   (inch) (MGD) (MGD)  (Deg C) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
4/28/2017 1-33 0.46 73.2 111.4 17.3 140 70   2.9   26 
4/29/2017 1-34 0.52 74.2 104.8               
4/30/2017 1-35 1.09 100.3 159.8             22 
5/1/2017 1-36 0.07 122.7 171.5 15.4       3.2     
5/2/2017 1-37   99.6 116.1 17             
5/3/2017 1-38   92.0 101.7 16.1 91 92   2.3   16 
5/4/2017 1-39   87.8 96.8 17.6 86 104       18 
5/5/2017 1-40   84.0 93.5 17.5 106 96 4.9 2.6 0.3 19 
5/6/2017 1-41   79.6 91.7               
5/7/2017 1-42   76.7 88.1         3.2     
5/8/2017 1-43 0.21 78.2 103.4 17.2             
5/9/2017 1-44   73.8 85.3 19.1     5.3 2.6 0.3 22 
5/10/2017 1-45 1.54 99.9 156.1 17.1 80 72       24 
5/11/2017 1-46   91.4 107.9 17.2 86 130       21 
5/12/2017 1-47   83.5 94.7 16.8 82 93   3.1   20 
5/13/2017 1-48   77.4 87.3             22 
5/14/2017 1-49   73.9 84.7         3.6   21 
5/15/2017 1-50   73.9 83.6 18.9       3.5     
5/16/2017 1-51 0.59 72.5 139.8 19       3.5     
5/17/2017 1-52 0.40 86.0 126.5 19 86 76       26 
5/18/2017 1-53 0.69 75.9 89.0 17.1 84 56       24 
5/19/2017 1-54 0.55 117.7 186.9 16.5 49 38 4.9 5 0.6 22 
5/20/2017 1-55 0.34 115.8 129.7               
5/21/2017 1-56   102.3 119.6         4     
5/22/2017 1-57 0.05 97.2 108.5 17.3       3.8     
5/23/2017 1-58   93.0 104.1 16.2             
5/24/2017 1-59 0.16 92.5 104.8 17   64   3.2   18 
5/25/2017 1-60   55.0 98.9 16.9   72 10 3 0.2 17 
5/26/2017 1-61 0.04 85.2 95.4 17   68       16 
5/27/2017 1-62 0.19 85.7 110.6               
5/28/2017 1-63   79.6 91.6         3.4     








Table A.1   (Continued) 
 Aeration Control Basin 
Date Basins Pass 1 Start OP Pass 1 OP Pass 2 OP Pass 3 OP Pass 4 OP Pass 1 NO3 Pass 2 NO3 Pass 3 NO3 Pass 4 NO3 
  No. Online (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
4/28/2017 6 3.0       3.3         
4/29/2017 6                   
4/30/2017 6                   
5/1/2017 6 3.1 3.488 3.3 3.2 3         
5/2/2017 6                   
5/3/2017 6                   
5/4/2017 6                   
5/5/2017 6 2.5 2.8 2.8 2.7 2.3 0.3 6 11 18.6 
5/6/2017 6                   
5/7/2017 6                   
5/8/2017 6                   
5/9/2017 6 2.7 2.704 2.8 2.8 2.9         
5/10/2017 6                   
5/11/2017 6         3         
5/12/2017 6                   
5/13/2017 6                   
5/14/2017 6 3.5 3.852 3.7 3.7 3.3 0 4 11.5 20.6 
5/15/2017 6 3.4       3.3         
5/16/2017 6 3.5       3.4         
5/17/2017 6                   
5/18/2017 6                   
5/19/2017 6 4.3 3.008 2.9 2.6 2.5 0.6 3 12.8 22 
5/20/2017 6                   
5/21/2017 6                   
5/22/2017 6 3.5       2.9         
5/23/2017 6                   
5/24/2017 6                   
5/25/2017 6 2.8 3.1 2.8 2.8 2.6 0.2 5 11.7 16.7 
5/26/2017 6                   
5/27/2017 6                   
5/28/2017 6 3.3       2.9         








 Table A.1   (Continued) 
 Control Basin 
Date Pass 1 NH3 Pass 2 NH3 Pass 3 NH3 Pass 4 NH3 MLSS MLVSS Pass 1 ORP Pass 2 ORP Pass 3 ORP Pass 4 ORP 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mV) (mV) (mV) (mV) 
4/28/2017         2,100 2,164         
4/29/2017         3,700 2,308 115 167 197 265 
4/30/2017       0.2 4,100 2,596         
5/1/2017         3,900 2,625 127 113 179 254 
5/2/2017         4,000 3,040         
5/3/2017         3,500 3,178 129 118 180 257 
5/4/2017         4,100 3,395         
5/5/2017 17.8 8.2 2.7 0.2 3,500 3,228 101 146 163 249 
5/6/2017         3,700 3,494         
5/7/2017         3,700 3,161 100 133 215 302 
5/8/2017         2,500 2,995         
5/9/2017         3,100 2,973 79 132 182 287 
5/10/2017         4,100 2,700         
5/11/2017         2,300 2,835 51 110 174 242 
5/12/2017         3,700 2,565         
5/13/2017         3,300 3,105         
5/14/2017 20 8.4 2.5 0.1 3,300 2,903 91 129 198 277 
5/15/2017         4,000 2,619         
5/16/2017         4,100 2,177 11 154 156 196 
5/17/2017         3,700 1,674         
5/18/2017         3,600 1,820         
5/19/2017 22.3 9.4 3 0.2 3,700 1,633 86 145 163 244 
5/20/2017         3,700 1,976         
5/21/2017         3,900 2,288 56 182 240 290 
5/22/2017         3,900 1,976         
5/23/2017         3,600 2,007 28 154 155 227 
5/24/2017         5,000 2,774         
5/25/2017 17 10 1 0.4 5,000 2,730 64 108 213 279 
5/26/2017         4,800 3,101         
5/27/2017         2,500 3,167 36 138 152 258 
5/28/2017         4,000 2,948         







Table A.1   (Continued) 
 Control Basin 
Date Pass 1 DO Pass 2 DO Pass 3 DO Pass 4 DO Pass 1 Airflow Pass 2 Airflow Pass 3 Airflow Pass 4 Airflow 
  (mg/L) (mg/L) (mg/L) (mg/L) (scfm) (scfm) (scfm) (scfm) 
4/28/2017 0.3 0.5 1.0 1.9 1,244 822 1,762 1,171 
4/29/2017 0.5 0.6 1.0 4.6 1,388 617 1,579 660 
4/30/2017 0.5 0.6 1.1 4.1 1,389 629 1,438 725 
5/1/2017 0.5 0.6 1.0 3.0 1,375 672 1,662 963 
5/2/2017 0.6 0.7 1.0 3.7 1,395 605 1,517 743 
5/3/2017 0.6 0.6 1.0 3.5 1,397 604 1,688 706 
5/4/2017 0.6 0.6 1.0 3.3 1,391 606 1,797 728 
5/5/2017 0.6 0.6 1.0 3.5 1,395 602 1,770 747 
5/6/2017 0.5 0.6 1.0 5.1 1,394 613 1,449 611 
5/7/2017 0.6 0.6 1.0 4.8 1,397 618 1,394 606 
5/8/2017 0.6 0.6 1.0 3.1 1,397 638 1,809 895 
5/9/2017 0.6 0.6 1.0 3.4 1,394 643 1,973 703 
5/10/2017 0.5 0.6 1.0 2.4 1,341 659 1,966 1,088 
5/11/2017 0.6 0.6 0.9 2.6 1,395 623 1,694 953 
5/12/2017 0.5 0.6 0.9 3.4 1,400 623 1,680 729 
5/13/2017 0.5 0.6 1.0 4.7 1,401 626 1,622 593 
5/14/2017 0.5 0.6 1.0 4.7 1,400 616 1,455 594 
5/15/2017 0.4 0.6 0.9 2.3 1,269 649 2,077 765 
5/16/2017 0.3 0.6 0.9 1.7 984 630 2,080 1,681 
5/17/2017 0.4 0.7 1.0 2.4 1,123 702 2,138 1,190 
5/18/2017 0.4 0.6 0.9 2.2 1,245 607 2,007 968 
5/19/2017 0.5 0.6 1.0 2.3 1,208 635 2,026 959 
5/20/2017 0.5 0.6 1.0 3.8 1,203 632 1,667 598 
5/21/2017 0.6 1.5 1.9 5.1 1,356 608 1,219 605 
5/22/2017 0.4 0.6 1.0 4.0 1,229 649 1,903 707 
5/23/2017 0.4 0.5 1.0 3.0 1,201 658 1,975 900 
5/24/2017 0.4 0.5 1.0 2.8 1,215 764 2,288 747 
5/25/2017 0.4 0.5 1.0 3.6 1,218 721 2,617 667 
5/26/2017 0.4 0.5 0.9 3.0 1,202 800 2,593 708 
5/27/2017 0.4 0.6 1.0 4.1 1,255 734 2,240 598 
5/28/2017 0.6 0.7 1.3 4.7 1,345 630 1,419 589 







Table A.1   (Continued) 
 Control Basin Modified Basin 
Date RAS Flow WAS Flow WAS TSS WAS VSS WAS TP Pass 1 Start OP Pass 1 OP Pass 2 OP Pass 3 OP Pass 4 OP 
  (MGD) (MGD) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
4/28/2017 8.75 0.00                 
4/29/2017 8.89 0.00                 
4/30/2017 12.15 0.00 10,720 7,600 248 0.5 3.9 3.5 2.6 1.9 
5/1/2017 15.74 0.67 10,760 9,500   2.2 2.7       
5/2/2017 12.33 0.66 11,000 8,400             
5/3/2017 11.44 0.66 13,800 11,200   1.9 3.8     1.2 
5/4/2017 10.77 0.66                 
5/5/2017 11.53 0.73 11,600 9,000 252 2.9 5.9 5.1 4 3.8 
5/6/2017 11.72 0.65 11,100 10,200           1.8 
5/7/2017 11.22 0.66 13,300 12,000   2.7 6.4     1.6 
5/8/2017 12.05 0.65 12,100 9,300           1.9 
5/9/2017 9.22 0.69 12,800 11,100   2.6 3.8 3.5 3 2.5 
5/10/2017 14.47 0.65                 
5/11/2017 13.48 0.63 11,450 10,000 254 0.5 4.5     1.6 
5/12/2017 11.91 0.71 11,000 8,500             
5/13/2017 10.92 0.00                 
5/14/2017 10.37 0.00       3.4 7.9 5.3 3.1 2.8 
5/15/2017 10.36 0.66 10,500 8,400             
5/16/2017 10.05 0.65 12,000 10,600 177         1.4 
5/17/2017 11.76 0.64 11,500 8,300             
5/18/2017 10.60 0.00                 
5/19/2017 16.75 0.00       4.7 6.6 5.9 4.1 3.7 
5/20/2017 16.55 0.00         4       
5/21/2017 14.58 0.00 10,220 9,400 186 3.5 5.3     2 
5/22/2017 13.84 0.66 9,800 8,300             
5/23/2017 13.97 0.64 10,000 7,700   0.4 4.8 3.9 2 1.7 
5/24/2017 11.97 0.63 13,400 12,700           2 
5/25/2017 11.77 0.65 12,200 12,000 212 2.6 5.7 2.3 2.2 2 
5/26/2017 11.95 0.64 12,800 12,200             
5/27/2017 11.92 0.64 8,200 6,100     6.5       
5/28/2017 10.97 0.64 11,500 9,400   2.8 9.1 7.9 3.7 1.4 








Table A.1   (Continued) 
 Modified Basin  
Date Pass 1 NO3 Pass 2 NO3 Pass 3 NO3 Pass 4 NO3 Pass 1 Start NH3 Pass 1 NH3 Pass 2 NH3 Pass 3 NH3 Pass 4 NH3 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
4/28/2017                   
4/29/2017                   
4/30/2017 1.0 8.0088 19 21.3   22.1 13.7 2.9 0.6 
5/1/2017                   
5/2/2017                   
5/3/2017                   
5/4/2017                   
5/5/2017 0.9 6.696 18.6 18.6   19.9 12.9 0.4 0.4 
5/6/2017                   
5/7/2017                   
5/8/2017                   
5/9/2017 0.7 8.888 20.7 22   21.7 14.3 1.4 0.1 
5/10/2017                   
5/11/2017                   
5/12/2017                   
5/13/2017 0.2 7.5072 20.4 20.4   24 15.7 1.5 1.7 
5/14/2017                   
5/15/2017                   
5/16/2017                   
5/17/2017                   
5/18/2017                   
5/19/2017 0.9 8.7264 21.2 21.6   19.8 13.4 0.8 0.4 
5/20/2017                   
5/21/2017                   
5/22/2017                   
5/23/2017                   
5/24/2017                   
5/25/2017 0.3 6.1568 13.2 14.8   16.4 10.7 3.8 2.1 
5/26/2017                   
5/27/2017                   
5/28/2017                   







Table A.1   (Continued) 
 Modified Basin 








ORP Pass 1 DO Pass 2 DO Pass 3 DO Pass 4 DO 
  (mg/L) (mg/L) (mV) (mV) (mV) (mV) (mg/L) (mg/L) (mg/L) (mg/L) 
4/28/2017 1,900 1,600         0.1 0.4 0.9 2.3 
4/29/2017 3,000 2,200         0.1 0.5 1.0 3.0 
4/30/2017 2,600 1,800 -158 82.7 177.1 254.3 0.1 0.5 1.0 2.8 
5/1/2017 2,600 1,800         0.1 0.5 1.0 2.0 
5/2/2017 3,100 2,500         0.1 0.5 1.0 2.1 
5/3/2017 3,200 2,400 -142 87.6 160.6 222.9 0.1 0.5 1.0 2.2 
5/4/2017 3,900 2,600         0.1 0.5 1.0 2.0 
5/5/2017 4,000 3,100 -154 109.8 169.4 262.3 0.1 0.5 1.0 2.5 
5/6/2017 3,600 2,800         0.1 0.5 3.2 2.2 
5/7/2017 3,200 2,800 -137 86.2 260.2 268.1 0.1 0.5 2.8 2.4 
5/8/2017 3,700 2,700         0.1 0.5 1.4 2.2 
5/9/2017 4,000 2,900 -164 96.6 195.6 239.2 0.1 0.5 1.6 2.0 
5/10/2017 4,200 3,700         0.1 0.5 1.1 2.0 
5/11/2017 3,500 2,700 -119       0.1 0.5 1.0 2.7 
5/12/2017 3,500 2,800         0.1 0.5 1.0 2.8 
5/13/2017 3,500 2,600 -167 84.6 189.9 143.7 0.1 0.5 1.5 2.9 
5/14/2017 3,200 2,500         0.1 0.5 2.0 3.7 
5/15/2017 2,700 2,100         0.1 0.5 1.0 3.2 
5/16/2017 4,100 3,300 -184 106.3 180 155.6 0.1 0.5 1.1 2.8 
5/17/2017 3,500 2,300         0.1 0.5 0.9 2.3 
5/18/2017 3,100 2,400         0.1 0.5 1.2 4.0 
5/19/2017 2,700 2,100 -128 77.8 202.4 123.5 0.1 0.5 1.1 2.6 
5/20/2017 2,500 1,900         0.1 0.5 1.3 2.7 
5/21/2017 2,100 1,600     188.2   0.1 0.5 1.4 3.2 
5/22/2017 2,100 2,000 -165 77.4 190.1 253.5 0.1 0.5 1.2 2.0 
5/23/2017 2,500 2,000         0.1 0.5 1.1 2.0 
5/24/2017 2,200 1,600         0.1 0.5 1.1 2.0 
5/25/2017 2,800 2,000 -181 111.3 160.3 170.7 0.1 0.5 1.0 2.0 
5/26/2017 2,400 2,200         0.1 0.5 1.0 2.1 
5/27/2017 1,900 1,500         0.1 0.5 2.0 2.9 
5/28/2017 2,900 2,100 -171 81.6 247.3 141.2 0.1 0.5 3.0 4.0 







Table A.1   (Continued) 
 Modified Basin 
Date Pass 1 Airflow Pass 2 Airflow Pass 3 Airflow Pass 4 Airflow RAS Flow WAS Flow WAS TSS WAS VSS WAS TP 
  (scfm) (scfm) (scfm) (scfm) (MGD) (MGD) (mg/L) (mg/L) (mg/L) 
4/28/2017 87 3,461 1,663 1,192 8.76 0.55 7,900  6,000    
4/29/2017 111 2,377 1,209 797 8.90 0.57 11,500  9,090    
4/30/2017 96 2,155 1,202 915 11.98 0.61 10,300  8,140    
5/1/2017 93 2,131 1,266 1,341 19.47 0.67 9,500  7,220  214.2 
5/2/2017 90 2,058 1,263 995 15.39 0.00       
5/3/2017 90 2,019 1,326 950 14.90 0.00       
5/4/2017 96 2,209 1,437 1,052 10.77 0.60 12,400  9,800    
5/5/2017 130 2,628 1,368 746 10.26 0.58 12,600  10,080  276 
5/6/2017 124 3,618 608 627 11.26 0.00 11,480  8,840  268.4 
5/7/2017 102 3,047 789 633 11.22 0.00 10,450  8,360  286.4 
5/8/2017 103 3,460 898 662 12.15 0.62 10,500  7,980  271.2 
5/9/2017 122 3,330 771 714 11.97 0.61 11,800  9,090    
5/10/2017 95 3,221 1,465 943 15.36 0.62 11,200  8,850  480 
5/11/2017 103 2,396 1,328 636 13.95 0.59 8,900  6,940  252 
5/12/2017 106 2,576 1,330 635 11.91 0.67 9,930  7,650  294 
5/13/2017 104 2,286 888 618 10.92 0.68 10,300  8,140  298 
5/14/2017 104 1,963 846 604 10.36 0.69 9,820  7,540    
5/15/2017 106 2,058 1,138 613 10.36 0.70 9,100  6,920  224 
5/16/2017 85 2,057 1,110 609 10.61 0.00 8,400  6,640  198 
5/17/2017 334 2,567 1,557 873 10.06 0.70 9,100  6,920    
5/18/2017 364 1,888 1,015 602 9.09 0.71 9,600  7,490  279 
5/19/2017 105 2,119 1,024 1,122 14.24 0.72 10,300  8,140  322 
5/20/2017 105 1,551 613 1,057 14.18 0.67 10,000  8,000  267 
5/21/2017 114 1,309 602 845 12.48 0.65 10,300  8,030  305.4 
5/22/2017 105 1,687 613 1,362 11.87 0.00 9,700  7,470  438 
5/23/2017 99 1,869 674 1,650 11.88 0.72 9,900  7,420  244 
5/24/2017 97 1,778 677 1,781 13.11 0.68 10,200  7,750  590 
5/25/2017 101 1,997 692 1,696 12.36 0.00 9,400  7,020  389 
5/26/2017 99 2,151 742 1,477 11.97 0.00 9,800  7,520  327.1 
5/27/2017 104 2,359 656 850 11.92 0.00 11,300  8,340  472.6 
5/28/2017 108 1,863 611 597 10.97 0.00 8,000  6,140  328.1 








Table A.1   (Continued) 
    Influent Primary Effluent 
Date Year-Day Precipitation Daily Ave. Flow Peak Daily Flow Temperature BOD TSS TP OP NO3 NH3 
   (inch) (MGD) (MGD)  (Deg C) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
5/30/2017 1-65   74.8 85.9 18.4             
5/31/2017 1-66   67.7 80.4 18.1     8.1 3.8 0.7 26 
6/1/2017 1-67   69.8 78.6 20.3 116 96       28 
6/2/2017 1-68   74.2 96.6 18 104 80       25 
6/3/2017 1-69   77.1 87.7         3.6     
6/4/2017 1-70   74.2 85.4               
6/5/2017 1-71   74.6 84.2 18.5     5.9 3 0.6 20 
6/6/2017 1-72   71.9 82.0 19.2             
6/7/2017 1-73   71.1 81.0 18.9 124 72   3.4   32 
6/8/2017 1-74   70.5 99.5 18.7 148 100       28 
6/9/2017 1-75   69.1 90.3 19.8 172 92 9 4.5 0.5 30 
6/10/2017 1-76   67.1 80.1               
6/11/2017 1-77   65.9 79.9               
6/12/2017 1-78   66.4 80.8 19.7     7.4 4.8 0.2   
6/13/2017 1-79   65.7 76.2 19.4             
6/14/2017 1-80 0.42 74.0 99.1 18.8 134 96       33 
6/15/2017 1-81 0.21 66.5 96.9 18.9 142 80 9.4 4.6 0.5 27 
6/16/2017 1-82 0.04 72.0 112.4 18.3             
6/17/2017 1-83   64.7 78.1               
6/18/2017 1-84   61.5 74.8       10 4.9 0.7   
6/19/2017 1-85   58.9 71.5 19.2             
6/20/2017 1-86   56.8 68.4 20.3             
6/21/2017 1-87 0.11 59.5 70.0 19 160 70 6.8 4 0.3 39 
6/22/2017 1-88 0.67 60.3 153.2 19.2 138 90       36 
6/23/2017 1-89   85.5 168.8 19 122 100   2.8   30 
6/24/2017 1-90   58.9 68.7               
6/25/2017 1-91   55.4 66.3       8.6 4.3 0.5 31 
6/26/2017 1-92 0.20 61.6 80.5 18.2             
6/27/2017 1-93   57.5 69.0 19.2       4.6     
6/28/2017 1-94 0.69 69.0 131.9 19.6 172 110       35 
6/29/2017 1-95   64.0 79.1 19.3 138 130 13.1 8 0.4 29 








Table A.1   (Continued) 
 Aeration Control Basin 
Date Basins Pass 1 Start OP Pass 1 OP Pass 2 OP Pass 3 OP Pass 4 OP Pass 1 NO3 Pass 2 NO3 Pass 3 NO3 Pass 4 NO3 
  No. Online (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
5/30/2017 6                   
5/31/2017 6 3.6 3.9 3.5 3.4 3.1         
6/1/2017 6                   
6/2/2017 6                   
6/3/2017 6 3.5       3.2         
6/4/2017 6                   
6/5/2017 6 3.0 3.1 3 2.9 2.9 5.7 4 21.3 28.4 
6/6/2017 6                   
6/7/2017 6                   
6/8/2017 6         3.5         
6/9/2017 6 4.3 4.75     3.9         
6/10/2017 6                   
6/11/2017 6                   
6/12/2017 6 4.8 4.9 5.1 4.8 4.9         
6/13/2017 6                   
6/14/2017 6                   
6/15/2017 6 4.4 4.692 4.5 4.1 3.8 0.5 2 17.9 27.5 
6/16/2017 6                   
6/17/2017 6                   
6/18/2017 6 4.6       3.9         
6/19/2017 6                   
6/20/2017 6                   
6/21/2017 6 4.2 4.4 4.5 4.7 4.7         
6/22/2017 6                   
6/23/2017 6 2.7       2.5         
6/24/2017 6                   
6/25/2017 6 4.1 4.042 3.9 3.5 3.5 0.6 2 22.2 30.4 
6/26/2017 6                   
6/27/2017 6                   
6/28/2017 6         3.8         
6/29/2017 6                   








 Table A.1   (Continued) 
 Control Basin 
Date Pass 1 NH3 Pass 2 NH3 Pass 3 NH3 Pass 4 NH3 MLSS MLVSS Pass 1 ORP Pass 2 ORP Pass 3 ORP Pass 4 ORP 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mV) (mV) (mV) (mV) 
5/30/2017           1,531         
5/31/2017           1,057 114 175 184 216 
6/1/2017       0.2 3,100 997         
6/2/2017         3,300 1,148 96 174 204 225 
6/3/2017         4,100 1,021         
6/4/2017         4,200 1,269 66 148 187 290 
6/5/2017 22.1 8.8 2.2 0.2 3,200 1,087 38 150 191 287 
6/6/2017         3,500 1,551         
6/7/2017         4,300 2,352 61 178 175 189 
6/8/2017         4,500 2,763         
6/9/2017         4,000 2,842         
6/10/2017         4,300 3,394 55 145 158 237 
6/11/2017         4,500 3,789         
6/12/2017         5,000 3,315 16 134 174 176 
6/13/2017         3,200 2,209         
6/14/2017         2,000 1,915         
6/15/2017 27.8 14.5 1.5 0.2 3,100 1,773 46 129 214 230 
6/16/2017         3,300 2,695         
6/17/2017         4,400 2,979 52 126 157 207 
6/18/2017         3,400 2,979         
6/19/2017         3,100 2,553 69 116 169 248 
6/20/2017         4,200 3,196 42 172 158 188 
6/21/2017         4,500 3,167 35 123 193 207 
6/22/2017         3,200 2,850         
6/23/2017         3,000 2,945 105 170 191 260 
6/24/2017         3,300 3,325         
6/25/2017 29.8 14.6 2.8 0.3 3,500 3,388 35 134 155 269 
6/26/2017         3,500 3,293         
6/27/2017         2,900 2,952 50 129 172 271 
6/28/2017         2,800 2,194         
6/29/2017         2,000 1,423 77 141 206 268 








Table A.1   (Continued) 
 Control Basin 
Date Pass 1 DO Pass 2 DO Pass 3 DO Pass 4 DO Pass 1 Airflow Pass 2 Airflow Pass 3 Airflow Pass 4 Airflow 
  (mg/L) (mg/L) (mg/L) (mg/L) (scfm) (scfm) (scfm) (scfm) 
5/30/2017 0.5 0.6 1.0 4.9 1,174 651 1,786 614 
5/31/2017 0.4 0.6 1.0 2.4 1,220 686 2,062 954 
6/1/2017 0.4 0.6 0.9 2.0 1,253 681 1,962 1,181 
6/2/2017 0.4 0.6 1.0 3.1 1,263 619 2,024 711 
6/3/2017 0.4 0.6 1.0 3.9 1,258 616 2,124 630 
6/4/2017 0.5 0.7 1.0 4.0 1,235 604 2,028 600 
6/5/2017 0.4 0.7 1.0 3.8 1,198 601 2,038 795 
6/6/2017 0.3 0.6 1.0 1.9 1,167 645 2,232 1,641 
6/7/2017 0.3 0.5 1.0 1.7 1,206 763 2,469 2,168 
6/8/2017 0.3 0.5 0.9 1.5 1,069 752 2,440 1,926 
6/9/2017 0.3 0.6 0.9 1.3 1,036 725 2,616 1,871 
6/10/2017 0.4 0.6 0.8 1.8 1,256 698 2,919 1,251 
6/11/2017 0.4 0.6 0.9 2.2 1,274 645 2,915 882 
6/12/2017 0.4 0.6 1.0 1.7 1,080 620 2,532 1,764 
6/13/2017 0.3 0.6 1.0 1.8 947 627 2,000 1,661 
6/14/2017 0.4 0.6 1.0 2.0 1,099 662 1,854 1,575 
6/15/2017 0.5 0.7 1.1 3.1 1,426 594 2,131 852 
6/16/2017 0.5 0.6 1.0 2.2 1,373 602 2,552 1,004 
6/17/2017 0.5 0.6 1.0 2.1 1,267 602 2,534 634 
6/18/2017 0.4 0.6 1.0 3.0 1,288 600 2,425 595 
6/19/2017 0.4 0.6 0.9 3.1 1,284 623 2,844 589 
6/20/2017 0.4 0.6 0.8 2.1 1,040 827 2,616 971 
6/21/2017 0.4 0.5 0.9 1.5 1,210 897 2,673 2,025 
6/22/2017 0.3 0.6 1.0 2.4 1,407 669 2,857 843 
6/23/2017 0.3 0.6 1.0 2.6 1,340 714 2,770 1,090 
6/24/2017 0.4 0.6 1.0 2.7 1,190 648 2,031 599 
6/25/2017 0.4 0.6 1.0 3.5 1,141 658 2,256 597 
6/26/2017 0.4 0.5 1.0 3.8 1,222 689 2,637 599 
6/27/2017 0.4 0.5 1.1 4.4 1,297 648 2,738 608 
6/28/2017 0.3 0.6 1.1 3.6 1,115 711 2,475 796 
6/29/2017 0.3 0.6 1.0 4.8 1,427 624 1,666 776 







Table A.1   (Continued) 
 Control Basin Modified Basin 
Date RAS Flow WAS Flow WAS TSS WAS VSS WAS TP Pass 1 Start OP Pass 1 OP Pass 2 OP Pass 3 OP Pass 4 OP 
  (MGD) (MGD) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
5/30/2017 10.57 0.65                 
5/31/2017 10.96 0.66 10,200   177 3.3 12.5 10.4 4.2 2.2 
6/1/2017 12.24 0.00 10,000 7,100             
6/2/2017 8.78 0.00                 
6/3/2017 8.88 0.00 9,400 6,800   3.1 13.8 8.4 2.3 1.8 
6/4/2017 8.42 0.00 7,400 5,500             
6/5/2017 9.18 0.00 9,000 6,400 180 3.0 14.3 12.5 5.1 2.85 
6/6/2017 8.11 0.00 10,800 7,800             
6/7/2017 8.54 0.00 10,700 7,900     12.4     2 
6/8/2017 8.98 0.00                 
6/9/2017 8.76 0.00 11,250   201 4.1 27 13.4 5.3 2.9 
6/10/2017 8.23 0.00                 
6/11/2017 8.02 0.00 12,800 9,200     17.9       
6/12/2017 9.57 0.00 10,900 8,100   4.1 25.6 12.8 4.2 2.4 
6/13/2017 10.44 0.00                 
6/14/2017 9.42 0.00 8,800 6,800             
6/15/2017 8.62 0.00 8,700   165 4.0 23.4 13.4 4.5 2.3 
6/16/2017 9.13 0.00                 
6/17/2017 7.97 0.00 8,900 6,900             
6/18/2017 7.72 0.00 9,600 7,300   4.2 20.8 11.5 4.1 2.1 
6/19/2017 7.84 0.00 9,500 7,600 182           
6/20/2017 7.83 0.00                 
6/21/2017 8.09 0.00 10,200 8,100   3.5 20.1 9.6 3.6 2.5 
6/22/2017 9.42 0.00 9,400 7,600             
6/23/2017 11.45 0.00 10,000 8,100   3.2 5.1 4.8 4.5 4.2 
6/24/2017 7.95 0.00 8,800 7,200             
6/25/2017 7.57 0.00 9,100 7,100 164           
6/26/2017 8.24 0.00 8,800 6,200   1.3 10.2 7.2 4.6 4.5 
6/27/2017 8.28 0.00 8,700 6,900           2.9 
6/28/2017 12.75 0.00 8,000 6,300     15.5       
6/29/2017 10.75 0.00 8,100   159 7.3 18.8 19.5 10 5.5 








Table A.1   (Continued) 
 Modified Basin 
Date Pass 1 NO3 Pass 2 NO3 Pass 3 NO3 Pass 4 NO3 Pass 1 Start NH3 Pass 1 NH3 Pass 2 NH3 Pass 3 NH3 Pass 4 NH3 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
5/30/2017                   
5/31/2017 4.4 10.794 24.7 25.7   20.1 14.6 1.4 0.3 
6/1/2017                   
6/2/2017                   
6/3/2017                   
6/4/2017                   
6/5/2017 0.5 6.3168 15.1 16.8   20.9 13.5 4.9 3.5 
6/6/2017                   
6/7/2017                   
6/8/2017                   
6/9/2017                   
6/10/2017                   
6/11/2017                   
6/12/2017                   
6/13/2017                   
6/14/2017                   
6/15/2017 0.8 11.1088 23.1 26.2   25.2 16.1 4.1 0.8 
6/16/2017                   
6/17/2017                   
6/18/2017                   
6/19/2017                   
6/20/2017                   
6/21/2017                   
6/22/2017                   
6/23/2017 0.7 11.4704 23.3 26.8   26.7 17 6.7 3 
6/24/2017                   
6/25/2017                   
6/26/2017                   
6/27/2017                   
6/28/2017                   
6/29/2017 0.4 1.25 5.9 19.8   13.5 8.5 6.5 2 







Table A.1   (Continued) 
 Modified Basin 
Date MLSS MLVSS Pass 1 ORP Pass 2 ORP Pass 3 ORP Pass 4 ORP Pass 1 DO Pass 2 DO Pass 3 DO Pass 4 DO 
  (mg/L) (mg/L) (mV) (mV) (mV) (mV) (mg/L) (mg/L) (mg/L) (mg/L) 
5/30/2017 4,000 3,000         0.1 0.5 2.0 3.0 
5/31/2017 3,900 2,000 -178 92.8 170.6 215.9 0.1 0.5 1.1 2.0 
6/1/2017 3,900 3,200         0.1 0.5 3.9 2.0 
6/2/2017 4,100 2,800         0.1 0.5 1.2 2.1 
6/3/2017 3,200 2,900 -142 106.8 251.1 127.3 0.1 0.5 3.0 2.2 
6/4/2017 3,400 2,900         0.0 0.6 1.1 2.1 
6/5/2017 3,300 2,100 -152 112.8 160 124.1 0.0 0.6 1.0 1.9 
6/6/2017 3,100 2,400         0.0 0.6 1.1 1.9 
6/7/2017 2,500 2,300   120.6 177.7 157.7 0.0 0.7 1.1 1.9 
6/8/2017 3,500 2,400         0.0 0.8 0.9 1.7 
6/9/2017 3,700 3,000 -173 130.9 180.5 116.3 0.0 0.8 0.9 1.7 
6/10/2017 3,000 1,900         0.0 0.8 1.0 2.0 
6/11/2017 3,000 2,100 -185 129 184.9 170.2 0.1 0.8 1.1 2.0 
6/12/2017 2,900 2,100         0.1 0.8 1.1 1.9 
6/13/2017 3,000 2,200 -139 135.6 173.9 221.6 0.1 0.8 1.1 1.6 
6/14/2017 2,900 2,000         0.1 0.8 1.0 1.7 
6/15/2017 2,800 2,300 -168 114.1 159.2 141.2 0.1 0.8 0.9 1.8 
6/16/2017 3,100 2,100         0.1 0.7 1.1 1.8 
6/17/2017 2,600 1,900 -141 120.7 197.8 166.9 0.1 0.9 1.1 1.9 
6/18/2017 3,000 2,200         0.1 0.9 1.1 2.0 
6/19/2017 2,300 2,000 -178 140.6 201.6 109.3 0.1 1.0 1.1 2.0 
6/20/2017 2,400 1,900         0.1 1.0 1.1 1.8 
6/21/2017 2,200 1,700         0.1 1.1 1.1 1.8 
6/22/2017 2,600 2,200         0.1 1.2 1.1 1.8 
6/23/2017 2,900 2,400 -14 149.1 189.8 122.8 0.1 1.2 1.1 1.9 
6/24/2017 3,200 2,600         0.1 1.2 1.1 2.0 
6/25/2017 3,100 2,400 -117 149.9 173.8 185 0.1 1.2 1.1 2.0 
6/26/2017 3,200 1,700         0.1 1.1 1.1 1.8 
6/27/2017 2,900 2,100 -158 134.3 198.1 163.1 0.1 1.1 1.1 1.8 
6/28/2017 3,300 2,700         0.1 1.0 0.9 1.6 
6/29/2017 3,100 2,500 -148 133.6 174.6 116 0.1 1.0 0.9 1.5 







Table A.1   (Continued) 
 Modified Basin 
Date Pass 1 Airflow Pass 2 Airflow Pass 3 Airflow Pass 4 Airflow RAS Flow WAS Flow WAS TSS WAS VSS WAS TP 
  (scfm) (scfm) (scfm) (scfm) (MGD) (MGD) (mg/L) (mg/L) (mg/L) 
5/30/2017 94 2,316 713 1,035 10.56 0.65       
5/31/2017 96 2,826 902 1,302 10.63 0.67 8,900  6,850  297 
6/1/2017 99 3,322 721 676 10.59 0.00       
6/2/2017 101 2,961 728 650 8.19 0.60 11,300  8,810  384 
6/3/2017 101 2,136 726 631 8.73 0.00       
6/4/2017 101 1,294 949 951 8.42 0.00 10,900  8,280  374.8 
6/5/2017 97 859 1,333 2,766 8.83 0.00 10,700  8,350  358 
6/6/2017 92 606 1,593 2,883 10.16 0.62 9,400  7,520  324.8 
6/7/2017 97 617 1,372 2,765 10.50 0.60       
6/8/2017 88 603 1,438 2,825 8.93 0.59 12,500  10,000  442 
6/9/2017 86 600 1,281 2,727 8.72 0.66 9,200  7,360  384 
6/10/2017 106 611 1,344 2,892 8.22 0.66 10,600  8,060    
6/11/2017 106 633 1,376 2,350 8.14 0.00       
6/12/2017 91 597 1,488 2,787 8.23 0.00 9,800  7,450  413.8 
6/13/2017 81 599 1,681 2,437 8.62 0.58 10,500  8,300  386.7 
6/14/2017 91 662 1,520 2,570 10.33 0.50       
6/15/2017 113 598 1,329 2,979 8.62 0.57 10,700  8,240  440.5 
6/16/2017 109 732 1,628 2,947 9.11 0.62 9,900  7,620  396.4 
6/17/2017 103 602 1,618 2,860 7.99 0.00       
6/18/2017 104 612 1,727 2,907 7.72 0.55       
6/19/2017 104 601 1,662 2,834 7.87 0.62 9,600  7,300  386.5 
6/20/2017 86 599 1,850 2,580 8.19 0.65 7,700  6,080  349.6 
6/21/2017 99 661 1,810 2,633 10.38 0.00 8,600  6,620  366.7 
6/22/2017 113 597 2,177 2,938 7.95 0.00       
6/23/2017 108 600 1,907 2,850 11.37 0.00 9,500  7,510  304.2 
6/24/2017 97 604 1,682 2,577 7.95 0.18 10,200  7,960  308.6 
6/25/2017 93 597 1,910 2,660 7.54 0.00       
6/26/2017 100 601 2,327 2,935 8.21 0.00 11,900  9,040  479.2 
6/27/2017 102 598 2,666 2,995 7.98 0.53 8,600  6,620  334.9 
6/28/2017 93 665 2,402 2,832 11.05 0.64       
6/29/2017 114 601 2,076 2,942 8.64 0.70 5,500  4,400  406 








Table A.1   (Continued) 
    Influent Primary Effluent 
Date Year-Day Precipitation Daily Ave. Flow Peak Daily Flow Temperature BOD TSS TP OP NO3 NH3 
   (inch) (MGD) (MGD)  (Deg C) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
7/1/2017 1-97   56.6 72.3               
7/2/2017 1-98   53.4 78.5               
7/3/2017 1-99   59.6 103.2 18.9     8 4.5 0.5 26 
7/4/2017 1-100 0.80 55.0 92.2               
7/5/2017 1-101   54.0 68.2 20.2 106 55 8.8 4.3 0.1 25 
7/6/2017 1-102   55.5 68.4 20.3 112 90       34 
7/7/2017 1-103   55.1 68.8 20.2 140 55 6 3.7 0.4 37 
7/8/2017 1-104   51.9 66.5               
7/9/2017 1-105   51.7 85.5               
7/10/2017 1-106   55.0 70.9 20.2     6.2 3.8 0.5   
7/11/2017 1-107 0.49 62.8 96.8 20.2     6.5 3.3     
7/12/2017 1-108   57.6 98.8 19.8 123 60       32 
7/13/2017 1-109   52.4 64.5 19.8 162 100   3.5   36 
7/14/2017 1-110   52.2 61.1 19.9 159 55 5.5 3.7 0.1 35 
7/15/2017 1-111   50.8 68.6               
7/16/2017 1-112   51.6 64.8               
7/17/2017 1-113   53.8 67.4 20.5       4.1     
7/18/2017 1-114   53.0 63.5 20.7     9.2 4.7 0.5 40 
7/19/2017 1-115 0.01 52.6 63.2 21 172 90 6.6 4.4 0 42 
7/20/2017 1-116 0.02 56.4 116.7 22.6 172 120 8.3 4.05 0.3 40 
7/21/2017 1-117   60.5 117.0 22.6 201 140 7.3 3.6 0.1 36 
7/22/2017 1-118 0.01 52.4 62.8         3.6     
7/23/2017 1-119   49.6 62.0       7.1 3.9 0.1 39 
7/24/2017 1-120   50.4 62.3 20.2             
7/25/2017 1-121   50.6 61.5 20.6     6.6 4 0   
7/26/2017 1-122   51.6 62.3 21 162 120       41 
7/27/2017 1-123   51.2 62.1 21.2 192 110 7.1 3.9 0.5 42 
7/28/2017 1-124   49.5 61.7 21.2 235 80       38 
7/29/2017 1-125   46.1 61.3       7.8 4.5 0   
7/30/2017 1-126   46.6 61.7               









Table A.1   (Continued) 
 Aeration Control Basin 
Date Basins Pass 1 Start OP Pass 1 OP Pass 2 OP Pass 3 OP Pass 4 OP Pass 1 NO3 Pass 2 NO3 Pass 3 NO3 Pass 4 NO3 
  No. Online (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
7/1/2017 6                   
7/2/2017 6                   
7/3/2017 6 4.4 4.452 4.5 4.3 4.3 0.5 2 18.7 26 
7/4/2017 6                   
7/5/2017 6                   
7/6/2017 6                   
7/7/2017 6 3.5 3.9 4 3.6 3.2         
7/8/2017 6                   
7/9/2017 6                   
7/10/2017 6 3.7 4.18 4.3   3.5         
7/11/2017 6                   
7/12/2017 6                   
7/13/2017 6 3.4       3.2         
7/14/2017 6 3.6 3.589 3.2 3.2 3.3 0.5 6 26.4 34.7 
7/15/2017 6                   
7/16/2017 6         3.4         
7/17/2017 6                   
7/18/2017 6 4.7 4.465 4.6 4.8 4.6 0.5 6 27.5 39.2 
7/19/2017 6 4.0 4.004 3.9 3.6 3.2 0.6 5 25.9 39.9 
7/20/2017 6 4.0 4.4955 4.2 4.2 3.9 0.3 4 28.4 38.4 
7/21/2017 6 3.4 3.852 3.8 3.4 3.1 0.7 4 22.8 35.6 
7/22/2017 6                   
7/23/2017 6 4.1 4.29 4.2 4.4 4.6 0.4 2 29.5 37.4 
7/24/2017 6                   
7/25/2017 6                   
7/26/2017 6                   
7/27/2017 5 3.8 3.939 4.1 3.8 3.6 0.5 5 21.4 42.8 
7/28/2017 5                   
7/29/2017 5         3.1         
7/30/2017 5                   









 Table A.1   (Continued) 
 Control Basin 
Date Pass 1 NH3 Pass 2 NH3 Pass 3 NH3 Pass 4 NH3 MLSS MLVSS Pass 1 ORP Pass 2 ORP Pass 3 ORP Pass 4 ORP 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mV) (mV) (mV) (mV) 
7/1/2017         1,500 1,289 44 161 189 309 
7/2/2017         1,600 1,135         
7/3/2017 26 12.7 1 0.1 1,900 1,495 41 125 186 237 
7/4/2017         2,500 1,856         
7/5/2017         3,600 1,650 3 119 187 284 
7/6/2017         3,500 1,753         
7/7/2017         5,100 2,784 14 124 159 212 
7/8/2017         4,400 2,681         
7/9/2017         4,400 3,094 54 164 156 235 
7/10/2017         3,800 2,269         
7/11/2017         3,300 2,483 58 114 161 246 
7/12/2017         3,500 2,853         
7/13/2017         2,500 2,408 69 131 194 238 
7/14/2017 34.8 15 2.8 0.4 2,900 2,963 27 142 202 286 
7/15/2017         3,300 3,519         
7/16/2017         2,800 3,705 32 141 201 289 
7/17/2017         2,800 2,519         
7/18/2017 40.3 21 1 0.3 2,600 2,707 115 174 175 240 
7/19/2017 43.5 21.3 2.8 0.3 4,100 3,746 29 144 218 270 
7/20/2017 41.3 16.5 1.8 0.4 3,400 4,103         
7/21/2017 36.7 18.4 2.3 0.1 2,700 4,103 39 144 191 233 
7/22/2017         5,000 5,351         
7/23/2017 37.4 22.4 2.6 0.4 3,500 5,529 42 121 210 238 
7/24/2017         3,300 5,708         
7/25/2017         2,800 4,041 124 163 158 250 
7/26/2017         2,300 2,467         
7/27/2017 41.9 21.8 2.8 0.1 3,400 2,579 94 169 166 259 
7/28/2017         2,700 2,310         
7/29/2017         3,900 2,466 13 152 154 252 
7/30/2017         3,200 2,847         









Table A.1   (Continued) 
 Control Basin 
Date Pass 1 DO Pass 2 DO Pass 3 DO Pass 4 DO Pass 1 Airflow Pass 2 Airflow Pass 3 Airflow Pass 4 Airflow 
  (mg/L) (mg/L) (mg/L) (mg/L) (scfm) (scfm) (scfm) (scfm) 
7/1/2017 0.3 0.7 1.2 5.9 1,398 595 1,149 597 
7/2/2017 0.3 0.8 1.5 5.9 1,387 598 941 604 
7/3/2017 0.2 0.6 0.9 3.4 1,356 631 1,585 728 
7/4/2017 0.1 0.5 1.0 3.0 1,390 764 1,727 611 
7/5/2017 0.1 0.6 1.0 3.8 1,251 717 1,933 596 
7/6/2017 0.1 0.5 0.9 3.1 1,103 1,058 2,627 629 
7/7/2017 0.1 0.6 1.0 2.5 1,306 1,134 2,488 694 
7/8/2017 0.1 0.5 0.9 2.0 1,210 1,178 1,985 828 
7/9/2017 0.1 0.5 0.9 2.0 1,305 1,216 2,154 837 
7/10/2017 0.1 0.5 0.7 2.0 1,016 1,115 2,407 938 
7/11/2017 0.1 0.5 1.0 2.7 1,433 858 2,729 604 
7/12/2017 0.1 0.5 1.0 3.3 1,433 770 2,429 593 
7/13/2017 0.2 0.5 1.0 3.5 1,430 745 2,133 592 
7/14/2017 0.2 0.5 1.0 3.4 1,430 730 2,338 589 
7/15/2017 0.1 0.5 1.0 2.8 1,272 724 1,905 591 
7/16/2017 0.1 0.5 0.9 3.6 1,062 711 2,234 599 
7/17/2017 0.1 0.5 1.0 2.9 1,156 632 2,330 609 
7/18/2017 0.2 0.6 1.0 3.8 1,436 763 2,489 606 
7/19/2017 0.3 0.5 1.7 2.2 1,444 1,050 1,858 717 
7/20/2017 0.2 0.5 0.9 2.0 1,447 1,251 1,997 852 
7/21/2017 0.2 0.5 0.8 1.9 1,442 1,635 2,744 1,274 
7/22/2017 0.2 0.5 0.9 2.0 1,395 1,997 2,059 1,063 
7/23/2017 0.2 0.5 0.9 2.0 1,337 1,672 1,847 917 
7/24/2017 0.2 0.5 0.8 2.0 1,308 1,418 2,614 797 
7/25/2017 0.2 0.5 0.9 2.5 1,430 1,188 2,813 620 
7/26/2017 0.2 0.5 0.9 2.7 1,430 1,002 2,601 639 
7/27/2017 0.2 0.5 0.8 2.3 1,420 1,278 2,964 946 
7/28/2017 0.2 0.5 0.8 2.1 1,422 1,196 2,993 740 
7/29/2017 0.2 0.5 0.9 2.2 1,423 1,250 2,499 654 
7/30/2017 0.2 0.5 0.9 2.0 1,426 1,280 2,220 712 








Table A.1   (Continued) 
 Control Basin Modified Basin 
Date RAS Flow WAS Flow WAS TSS WAS VSS WAS TP Pass 1 Start OP Pass 1 OP Pass 2 OP Pass 3 OP Pass 4 OP 
  (MGD) (MGD) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
7/1/2017 8.13 0.00                 
7/2/2017 7.88 0.24                 
7/3/2017 9.02 0.00 2,500 2,400 51 3.8 19.5 14.8 5.8 2.1 
7/4/2017 8.28 1.15                 
7/5/2017 8.63 0.00 3,700 2,800   3.5 21.3     1.8 
7/6/2017 8.43 0.61                 
7/7/2017 10.08 0.00       3.2 22.4 14.4 4.9 2.2 
7/8/2017 8.33 0.00                 
7/9/2017 8.37 0.00       0.5 24.9     1.5 
7/10/2017 8.79 0.00 10,700 8,800 199           
7/11/2017 10.01 0.00       2.8 21.8     1.9 
7/12/2017 11.35 0.00               1.3 
7/13/2017 8.30 0.00 10,300 8,400   2.8 26.8     1.2 
7/14/2017 8.35 0.00 8,600 6,800 148 3.0 25.5 1.65 1.6 1.5 
7/15/2017 8.17 0.00 8,000 6,400             
7/16/2017 8.19 0.00 8,500 7,000           1.2 
7/17/2017 8.50 0.00 7,300 5,900             
7/18/2017 9.92 0.52       3.8 28.5 14.7 4 1.9 
7/19/2017 9.19 0.52 7,800   134 3.3 26.5 11.5 3.25 0.95 
7/20/2017 9.98 0.53       3.3 20.5 10.5 4.25 1.7 
7/21/2017 10.06 0.00 8,100   97 3.2 15.5 5.45 4.3 2.4 
7/22/2017 8.81 0.00               3.9 
7/23/2017 8.35 0.00       3.7 23.2 10.2 5.6 3.4 
7/24/2017 8.65 0.00 8,600 6,600 147           
7/25/2017 8.60 0.00       3.6 24.6 10.8 4.5 2.7 
7/26/2017 8.58 0.62                 
7/27/2017 10.49 0.51 8,900 7,100 159 3.4 22.3 10.9 4.7 2.6 
7/28/2017 9.05 0.00                 
7/29/2017 8.55 0.00       3.4 19.7     1.2 
7/30/2017 8.75 0.00       0.4 24.2     1.1 









Table A.1   (Continued) 
 Modified Basin 
Date Pass 1 NO3 Pass 2 NO3 Pass 3 NO3 Pass 4 NO3 Pass 1 Start NH3 Pass 1 NH3 Pass 2 NH3 Pass 3 NH3 Pass 4 NH3 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
7/1/2017                   
7/2/2017                   
7/3/2017                   
7/4/2017                   
7/5/2017                   
7/6/2017                   
7/7/2017 1.0 14.6276 36.9 36.8   39.2 20.1 0.1 0.2 
7/8/2017                   
7/9/2017                   
7/10/2017                   
7/11/2017                   
7/12/2017                   
7/13/2017                   
7/14/2017 0.4 0.6 4.1 17.3   16.2 14.5 10.5 5.2 
7/15/2017                   
7/16/2017                   
7/17/2017                   
7/18/2017 0.2 16.4512 34.5 38.8   35.8 24.3 6.1 1.2 
7/19/2017                   
7/20/2017 0.7 4.7 4.8 21.2   25 22 20 1.5 
7/21/2017                   
7/22/2017                   
7/23/2017 0.7 15.12 35.2 37.8   38.7 24.8 3.7 1.2 
7/24/2017                   
7/25/2017                   
7/26/2017                   
7/27/2017 1 16.9728 40.8 41.6   43.1 24.8 1.2 0.4 
7/28/2017                   
7/29/2017                   
7/30/2017                   








Table A.1   (Continued) 
 Modified Basin 
Date MLSS MLVSS Pass 1 ORP Pass 2 ORP Pass 3 ORP Pass 4 ORP Pass 1 DO Pass 2 DO Pass 3 DO Pass 4 DO 
  (mg/L) (mg/L) (mV) (mV) (mV) (mV) (mg/L) (mg/L) (mg/L) (mg/L) 
7/1/2017 4,000 3,000         0.1 0.5 2.0 3.0 
7/2/2017 3,900 2,000 -178 92.8 170.6 215.9 0.1 0.5 1.1 2.0 
7/3/2017 3,900 3,200         0.1 0.5 3.9 2.0 
7/4/2017 4,100 2,800         0.1 0.5 1.2 2.1 
7/5/2017 3,200 2,900 -142 106.8 251.1 127.3 0.1 0.5 3.0 2.2 
7/6/2017 3,400 2,900         0.0 0.6 1.1 2.1 
7/7/2017 3,300 2,100 -152 112.8 160 124.1 0.0 0.6 1.0 1.9 
7/8/2017 3,100 2,400         0.0 0.6 1.1 1.9 
7/9/2017 2,500 2,300   120.6 177.7 157.7 0.0 0.7 1.1 1.9 
7/10/2017 3,500 2,400         0.0 0.8 0.9 1.7 
7/11/2017 3,700 3,000 -173 130.9 180.5 116.3 0.0 0.8 0.9 1.7 
7/12/2017 3,000 1,900         0.0 0.8 1.0 2.0 
7/13/2017 3,000 2,100 -185 129 184.9 170.2 0.1 0.8 1.1 2.0 
7/14/2017 2,900 2,100         0.1 0.8 1.1 1.9 
7/15/2017 3,000 2,200 -139 135.6 173.9 221.6 0.1 0.8 1.1 1.6 
7/16/2017 2,900 2,000         0.1 0.8 1.0 1.7 
7/17/2017 2,800 2,300 -168 114.1 159.2 141.2 0.1 0.8 0.9 1.8 
7/18/2017 3,100 2,100         0.1 0.7 1.1 1.8 
7/19/2017 2,600 1,900 -141 120.7 197.8 166.9 0.1 0.9 1.1 1.9 
7/20/2017 3,000 2,200         0.1 0.9 1.1 2.0 
7/21/2017 2,300 2,000 -178 140.6 201.6 109.3 0.1 1.0 1.1 2.0 
7/22/2017 2,400 1,900         0.1 1.0 1.1 1.8 
7/23/2017 2,200 1,700         0.1 1.1 1.1 1.8 
7/24/2017 2,600 2,200         0.1 1.2 1.1 1.8 
7/25/2017 2,900 2,400 -14 149.1 189.8 122.8 0.1 1.2 1.1 1.9 
7/26/2017 3,200 2,600         0.1 1.2 1.1 2.0 
7/27/2017 3,100 2,400 -117 149.9 173.8 185 0.1 1.2 1.1 2.0 
7/28/2017 3,200 1,700         0.1 1.1 1.1 1.8 
7/29/2017 2,900 2,100 -158 134.3 198.1 163.1 0.1 1.1 1.1 1.8 
7/30/2017 3,300 2,700         0.1 1.0 0.9 1.6 








Table A.1   (Continued) 
 Modified Basin 
Date Pass 1 Airflow Pass 2 Airflow Pass 3 Airflow Pass 4 Airflow RAS Flow WAS Flow WAS TSS WAS VSS WAS TP 
  (scfm) (scfm) (scfm) (scfm) (MGD) (MGD) (mg/L) (mg/L) (mg/L) 
7/1/2017 111 603 2,244 2,971 8.09 0.58 7,100  5,470  254 
7/2/2017 114 598 2,171 2,547 7.78 0.59 7,400  5,620  267.9 
7/3/2017 109 608 2,190 2,897 8.99 0.59 6,000  4,740  224.5 
7/4/2017 113 600 2,197 2,796 8.25 0.61       
7/5/2017 101 598 2,431 2,337 8.60 0.58       
7/6/2017 91 611 2,474 2,722 8.93 0.58 9,800  7,740  269.7 
7/7/2017 103 916 2,767 2,929 8.49 0.00 9,600  7,680  261 
7/8/2017 97 601 2,739 2,867 8.29 0.00       
7/9/2017 104 602 2,835 1,598 8.33 0.00 10,200  7,960  317.8 
7/10/2017 84 672 2,275 2,203 8.78 0.00 8,500  6,550  324 
7/11/2017 114 602 2,989 3,000 10.15 0.00 9,000  6,840  274 
7/12/2017 113 607 2,968 3,003 10.91 0.46 9,400  7,430  302.1 
7/13/2017 112 601 2,992 3,000 8.27 0.48 9,900  7,620  348.2 
7/14/2017 114 593 2,991 3,001 8.35 0.49       
7/15/2017 101 603 2,831 2,952 7.93 0.49 10,400  8,320  297.4 
7/16/2017 87 600 2,490 2,694 8.06 0.47 8,400  6,470  263.8 
7/17/2017 114 1,598 2,434 2,776 8.48 0.49 7,800  6,080  179 
7/18/2017 161 728 2,056 2,996 9.50 0.44 6,100  4,880  223 
7/19/2017 157 842 1,432 2,995 8.55 0.00 6,200  4,770  255 
7/20/2017 155 1,276 1,506 3,002 9.49 0.00 6,600  5,080  285 
7/21/2017 155 1,676 1,301 2,936 10.04 0.00 6,400  5,120  195 
7/22/2017 151 1,735 1,080 2,816 8.79 0.00 6,500  5,200  222.4 
7/23/2017 143 1,588 1,032 2,542 8.29 0.00 6,900  5,240  267.1 
7/24/2017 145 1,697 1,226 2,354 8.64 0.00 6,200  4,960  251.4 
7/25/2017 156 2,531 1,692 3,002 8.65 0.00       
7/26/2017 158 3,699 1,517 3,100 10.71 0.28 7,900  6,080  350 
7/27/2017 160 4,926 1,652 2,994 9.37 0.00 8,100  6,480  371 
7/28/2017 161 4,911 1,922 1,627 9.05 0.00 8,900  6,940  452.1 
7/29/2017 159 3,779 2,411 1,849 8.50 0.37 9,600  7,490  425.1 
7/30/2017 157 3,741 1,808 1,762 8.55 0.37 10,600  8,370  450 









Table A.1   (Continued) 
    Influent Primary Effluent 
Date Year-Day Precipitation Daily Ave. Flow Peak Daily Flow Temperature BOD TSS TP OP NO3 NH3 
   (inch) (MGD) (MGD)  (Deg C) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
5/15/2018 2-1   89.8 108.0 16.6       4.6     
5/16/2018 2-2   85.3 98.3 17 76 80.00     0.2 17 
5/17/2018 2-3   79.5 118.2 17.5 98 80.00     0.3 17.5 
5/18/2018 2-4   76.3 85.7 16.7     7.3 5.1 0.4 19.4 
5/19/2018 2-5 0.28 78.5 109.2               
5/20/2018 2-6 0.92 73.6 88.4               
5/21/2018 2-7 0.1 101.6 182.4 17.1     5.8 4.4     
5/22/2018 2-8   83.0 97.8 18             
5/23/2018 2-9   78.4 90.5 18.6 90 76.00     0.2 18.9 
5/24/2018 2-10   75.7 91.2 19.4 91 84.00   4.9 0.5 18.3 
5/25/2018 2-11   74.3 85.2 18.8 102 88.00       19.5 
5/26/2018 2-12   69.1 80.6               
5/27/2018 2-13   65.4 92.6               
5/28/2018 2-14   66.3 91.9               
5/29/2018 2-15 0.28 69.0 86.2 21.7             
5/30/2018 2-16   66.6 88.6 18.5 117 76.00 8.3 5.4 0.1 23.8 
5/31/2018 2-17   63.2 90.0 22.5 136 80.00     0.2 20.1 
6/1/2018 2-18   62.2 87.6 19.8 136 76.00 6.9 5.6 0.4 15.3 
6/2/2018 2-19 0.6 72.9 106.6               
6/3/2018 2-20   62.5 83.1               
6/4/2018 2-21   61.9 90.5 18.3     3.7       
6/5/2018 2-22   60.7 92.2 18.2             
6/6/2018 2-23 0.81 69.5 114.7 19.4 120 76.00 6.8 4     
6/7/2018 2-24   71.7 107.3 17.7 108 96.00     0.3 23 
6/8/2018 2-25   63.1 91.2 19.7 103 80.00 8.5 5.0 0.5 22 
6/9/2018 2-26   60.9 92.1               
6/10/2018 2-27 0.5 64.9 108.1               
6/11/2018 2-28 0.65 80.1 141.0 20             
6/12/2018 2-29 0.04 86.9 135.7 18.8             
6/13/2018 2-30   72.0 84.3 18.8 100 76.00 9.1 4.7 0.2 17.6 









Table A.1   (Continued) 
 Aeration Control Basin 
Date Basins Pass 1 Start OP Pass 1 OP Pass 2 OP Pass 3 OP Pass 4 OP Pass 1 NO3 Pass 2 NO3 Pass 3 NO3 Pass 4 NO3 
  No. Online (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
5/15/2018 6                   
5/16/2018 6           0.5 4.4 12.7 16.3 
5/17/2018 6                   
5/18/2018 6 4.6 5.1     3.7 0.6 4.5 13.3 15.7 
5/19/2018 6                   
5/20/2018 6                   
5/21/2018 6 4.1 4.4     3.4         
5/22/2018 6                   
5/23/2018 6           0.7 4.3 14.4 17.3 
5/24/2018 6 4.6 5.1     4 1 5.2 15.1 18.7 
5/25/2018 6           0.8 3.9 12 15 
5/26/2018 6                   
5/27/2018 6                   
5/28/2018 6                   
5/29/2018 6                   
5/30/2018 6 5.0 5.6 5.8 4.4 4.1 1.2 7 21.9 23.6 
5/31/2018 6           0.3 4.6 16.1 18.1 
6/1/2018 6 5.2 4.2 4 4 3.9 0.5 4 11.6 14 
6/2/2018 6                   
6/3/2018 6                   
6/4/2018 6                   
6/5/2018 6                   
6/6/2018 6 3.9 5.1 5 4.1 3.8 0.7 6 16.4 21.6 
6/7/2018 6           0.5 4.9 16.9 20.1 
6/8/2018 6 4.7 5.2 5.4 4.2 4 0.6 5.8 15.7 17.8 
6/9/2018 6                   
6/10/2018 6                   
6/11/2018 6                   
6/12/2018 6                   
6/13/2018 6 4.3 5 5 3.5 3.6 0.7 4.7 12.4 13.9 









 Table A.1   (Continued) 
 Control Basin 
Date Pass 1 NH3 Pass 2 NH3 Pass 3 NH3 Pass 4 NH3 MLSS MLVSS Pass 1 ORP Pass 2 ORP Pass 3 ORP Pass 4 ORP 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mV) (mV) (mV) (mV) 
5/15/2018         3,800 3,200 49 119 144 205 
5/16/2018 17.2 11 0.7 0.6 3,800 3,000         
5/17/2018         2,900 2,300         
5/18/2018 16.5 8.3 0.8 0.6 3,600 3,200 52 113 159 209 
5/19/2018         3,500 2,900         
5/20/2018         3,100 2,600         
5/21/2018         4,000 3,400         
5/22/2018         3,600 2,900 36 125 167 225 
5/23/2018 19.7 8.5 0.1 0.1 4,200 3,500         
5/24/2018 17.6 8.1 0.3 0.26 3,700 3,000         
5/25/2018 17.4 7.7 0.1 0.1 3,800 3,400 67 173 214 249 
5/26/2018         3,400 2,900         
5/27/2018         3,400 2,700         
5/28/2018         4,100 3,200 46       
5/29/2018         4,600 3,700         
5/30/2018 25.7 15.4 1.6 1.3 3,900 3,100         
5/31/2018 18.7 10.8 2.1 1.8 4,200 3,400         
6/1/2018 15 8.7 0.7 0.52 3,800 3,000 45 142 195 274 
6/2/2018         3,500 2,800         
6/3/2018         3,700 2,800         
6/4/2018         3,900 3,500         
6/5/2018         3,800 3,300 65 98 125 187 
6/6/2018 25.1 15.8 2.9 2.5 3,000 2,300         
6/7/2018 22.3 12.3 3.4 2.6 2,800 2,700         
6/8/2018 20.7 10.6 1.1 0.9 2,900 2,600         
6/9/2018         3,100 2,700 52 99 153 193 
6/10/2018         3,300 2,600         
6/11/2018         3,700 2,900         
6/12/2018         2,800 2,700         
6/13/2018 15.3 9.2 0.9 0.75 3,000 2,500         









Table A.1   (Continued) 
 Control Basin 
Date Pass 1 DO Pass 2 DO Pass 3 DO Pass 4 DO Pass 1 Airflow Pass 2 Airflow Pass 3 Airflow Pass 4 Airflow 
  (mg/L) (mg/L) (mg/L) (mg/L) (scfm) (scfm) (scfm) (scfm) 
5/15/2018 0.5 0.4 1.6 5.2 999 1,361 684 598 
5/16/2018 0.4 0.5 2.4 4.8 974 1,770 685 626 
5/17/2018 0.5 0.6 1.8 4.6 998 1,396 774 596 
5/18/2018 0.5 0.4 2.2 4.8 1,007 1,680 702 599 
5/19/2018 0.5 0.5 3.0 4.9 1,003 1,586 639 600 
5/20/2018 0.6 0.5 3.5 5.4 1,000 1,211 627 598 
5/21/2018 0.4 0.4 2.2 4.7 1,001 1,629 801 609 
5/22/2018 0.5 0.5 2.2 4.9 1,005 1,792 667 602 
5/23/2018 0.4 0.5 1.9 4.2 992 1,847 693 616 
5/24/2018 0.4 0.6 3.4 4.1 1,020 1,898 678 681 
5/25/2018 0.3 0.4 2.5 2.6 1,002 2,100 666 604 
5/26/2018 0.4 0.5 3.6 3.0 1,007 1,959 600 600 
5/27/2018 0.4 0.5 3.8 3.4 1,001 1,836 600 599 
5/28/2018 0.4 0.5 3.8 3.7 1,005 1,591 600 600 
5/29/2018 0.3 0.5 2.1 3.2 999 2,245 624 599 
5/30/2018 0.3 0.6 2.7 3.3 1,013 2,806 802 917 
5/31/2018 0.4 0.5 2.5 2.5 1,015 2,171 601 608 
6/1/2018 0.3 0.5 1.7 2.1 1,061 2,410 667 606 
6/2/2018 0.3 0.5 2.2 2.0 1,104 2,077 613 637 
6/3/2018 0.4 0.5 2.7 2.5 1,097 1,928 611 601 
6/4/2018 0.4 0.5 2.3 2.7 1,102 2,065 607 600 
6/5/2018 0.4 0.5 2.0 2.3 1,095 2,099 618 659 
6/6/2018 0.4 0.5 1.6 2.2 1,051 1,956 737 676 
6/7/2018 0.6 0.4 1.0 4.6 1,005 1,281 994 691 
6/8/2018 0.4 0.3 1.1 4.8 1,000 1,282 965 600 
6/9/2018 0.4 0.3 1.8 3.4 1,005 1,424 731 600 
6/10/2018 0.3 0.3 1.7 2.4 997 1,561 745 600 
6/11/2018 0.3 0.3 0.9 2.2 993 1,808 965 648 
6/12/2018 0.2 0.3 0.7 2.1 1,001 1,622 1,166 743 
6/13/2018 0.2 0.3 0.9 2.6 949 1,075 1,235 694 








Table A.1   (Continued) 
 Control Basin Modified Basin 
Date RAS Flow WAS Flow WAS TSS WAS VSS WAS TP Pass 1 Start OP Pass 1 OP Pass 2 OP Pass 3 OP Pass 4 OP 
  (MGD) (MGD) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
5/15/2018 14.74 0.61       4.2 12.6     3.5 
5/16/2018 14.46 0.61 11,600 8,800             
5/17/2018 14.28 0.63 7,500 5,800 142           
5/18/2018 14.56 0.63               4.1 
5/19/2018 12.00 0.60                 
5/20/2018 10.62 0.59                 
5/21/2018 14.81 0.60 12,000 9,300   3.1 14.9       
5/22/2018 12.39 0.60 11,100 8,400             
5/23/2018 11.63 0.59 10,500 8,100             
5/24/2018 12.33 0.57 7,900 6,100 147         3.8 
5/25/2018 11.05 0.61                 
5/26/2018 9.89 0.60 10,800 8,300             
5/27/2018 9.48 0.65 8,400 6,500             
5/28/2018 10.08 0.65 12,000 9,100 148           
5/29/2018 10.96 0.69 10,500 8,200             
5/30/2018 10.50 0.74 10,200 7,700           3.8 
5/31/2018 9.50 0.76 10,200 7,700             
6/1/2018 7.90 0.77 12,900 9,900 156 5.0 17.4 9.2 4.3 3.9 
6/2/2018 7.46 0.77 13,500 10,300             
6/3/2018 8.91 0.79 10,300 7,800             
6/4/2018 8.95 0.78 10,800 8,500             
6/5/2018 9.41 0.00                 
6/6/2018 11.45 0.54       3.8 11.7 6.4 3.7 3.5 
6/7/2018 10.76 0.47 7,100 5,800 148           
6/8/2018 10.44 0.00       4.6 16.7 10.7 3.7 3.6 
6/9/2018 9.59 0.00 9,200 7,300             
6/10/2018 10.11 0.00                 
6/11/2018 12.86 0.44 11,200 8,700 162           
6/12/2018 13.91 0.48 7,500 5,900             
6/13/2018 11.35 0.00 10,800 8,500   6.7 14.5 9 3.4 2.8 









Table A.1   (Continued) 
 Modified Basin 
Date Pass 1 NO3 Pass 2 NO3 Pass 3 NO3 Pass 4 NO3 Pass 1 Start NH3 Pass 1 NH3 Pass 2 NH3 Pass 3 NH3 Pass 4 NH3 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
5/15/2018                 0.1 
5/16/2018 0.5 3.3 9.7 12.6 14.5 8 3.3 2.9   
5/17/2018 0.5 4.1 13.5 15 16.8 7.4 4.4 3.4 0.1 
5/18/2018 1.5 6.1 14 17.5 19.2 11.3 4.6 4   
5/19/2018                   
5/20/2018                 0.2 
5/21/2018                   
5/22/2018                 1.1 
5/23/2018 0.5 5.2 13.3 16 17.4 9.2 1.5 1.2   
5/24/2018 0.6 5.4 14.1 17.4 18.7 7.9 3 2.3 0.3 
5/25/2018 0.1 5.6 15.8 18.8 20.7 9.9 5.8 4.5   
5/26/2018                 1.2 
5/27/2018                   
5/28/2018                 0.3 
5/29/2018                   
5/30/2018 0 6.3 20.4 21.2 23.8 15.2 1.8 1.4 0.7 
5/31/2018 0.5 6.1 15.6 20.3 21.1 9.3 7.8 5.9   
6/1/2018 0.9 4.3 10.8 12.4 13.9 6.7 4.3 3.4 0.2 
6/2/2018                   
6/3/2018                 0.4 
6/4/2018                   
6/5/2018                 0.9 
6/6/2018 0.2 6.6 21.3 24.5 26.1 11 9.9 8.4 1.5 
6/7/2018 0.5 5.9 18.3 20.3 22.1 14.1 2.8 2.3 1.2 
6/8/2018 0.5 4.9 16.7 18.2 20 12.8 4 3.4   
6/9/2018                 0.2 
6/10/2018                   
6/11/2018                 0.6 
6/12/2018                   
6/13/2018 0.4 4.5 13.2 15.5 18 9.9 1.4 1.2   








Table A.1   (Continued) 
 Modified Basin 
Date MLSS MLVSS Pass 1 ORP Pass 2 ORP Pass 3 ORP Pass 4 ORP Pass 1 DO Pass 2 DO Pass 3 DO Pass 4 DO 
  (mg/L) (mg/L) (mV) (mV) (mV) (mV) (mg/L) (mg/L) (mg/L) (mg/L) 
5/15/2018 3,800 3,200         0.4 0.5 0.9 4.3 
5/16/2018 3,800 3,000         0.4 0.4 0.9 3.5 
5/17/2018 2,900 2,300         0.4 0.6 0.9 2.4 
5/18/2018 3,600 3,200 -59 76 176 181 0.3 0.5 0.9 3.1 
5/19/2018 3,500 2,900         0.2 0.5 1.0 2.5 
5/20/2018 3,100 2,600         0.2 0.5 1.0 3.7 
5/21/2018 4,000 3,400         0.2 0.5 1.2 5.3 
5/22/2018 3,600 2,900 -75 82 195 205 0.2 0.5 0.9 3.4 
5/23/2018 4,200 3,500         0.2 0.5 1.0 2.5 
5/24/2018 3,700 3,000         0.2 0.4 0.8 1.7 
5/25/2018 3,800 3,400         0.2 0.5 0.8 2.5 
5/26/2018 3,400 2,900 -149 68 158 203 0.2 0.5 0.8 2.6 
5/27/2018 3,400 2,700         0.1 0.5 1.0 3.8 
5/28/2018 4,100 3,200         0.1 0.5 1.0 4.6 
5/29/2018 4,600 3,700 -158 79 176 181 0.1 0.5 1.2 4.6 
5/30/2018 3,900 3,100         0.0 0.5 0.7 2.4 
5/31/2018 4,200 3,400         0.0 0.5 0.7 1.4 
6/1/2018 3,800 3,000         0.0 0.7 0.9 3.0 
6/2/2018 3,500 2,800 -135 59 147 163 0.0 0.5 0.7 2.4 
6/3/2018 3,700 2,800         0.0 0.5 1.0 3.7 
6/4/2018 3,900 3,500         0.0 0.5 0.9 3.6 
6/5/2018 3,800 3,300         0.0 0.5 0.8 1.4 
6/6/2018 3,000 2,300         0.0 0.5 0.6 1.3 
6/7/2018 2,800 2,700 -143 71 147 171 0.0 1.0 0.9 3.0 
6/8/2018 2,900 2,600         0.0 0.8 0.9 4.2 
6/9/2018 3,100 2,700         0.0 0.8 0.9 3.5 
6/10/2018 3,300 2,600         0.0 0.8 1.0 4.0 
6/11/2018 3,700 2,900 -145 61 136 176 0.0 0.7 0.8 3.0 
6/12/2018 2,800 2,700         0.1 0.8 0.9 2.6 
6/13/2018 3,000 2,500         0.1 0.8 0.9 2.9 








Table A.1   (Continued) 
  
Date Pass 1 Airflow Pass 2 Airflow Pass 3 Airflow Pass 4 Airflow RAS Flow WAS Flow WAS TSS WAS VSS WAS TP 
  (scfm) (scfm) (scfm) (scfm) (MGD) (MGD) (mg/L) (mg/L) (mg/L) 
5/15/2018 1,212 995 1,096 919 15.37 0.70       
5/16/2018 714 1,093 1,397 1,097 11.62 0.00       
5/17/2018 59 1,659 1,473 1,044 11.55 0.00 8,920    168 
5/18/2018 59 1,484 1,642 1,314 11.01 0.00       
5/19/2018 59 1,602 1,861 1,055 12.00 0.00       
5/20/2018 59 1,632 1,805 780 10.63 0.00       
5/21/2018 53 1,486 1,403 687 14.80 0.00 9,900  7,700  179 
5/22/2018 57 1,527 1,641 1,098 12.38 0.00       
5/23/2018 58 1,576 1,771 1,335 11.69 0.00       
5/24/2018 57 1,734 1,698 1,451 12.68 0.68       
5/25/2018 50 2,039 1,846 1,246 10.80 0.00       
5/26/2018 51 2,212 2,104 1,017 9.90 0.00       
5/27/2018 57 2,056 1,913 601 9.48 0.00       
5/28/2018 63 1,847 1,956 600 10.08 0.00 10,400    239 
5/29/2018 65 1,789 1,696 599 10.94 0.81 11,400  8,800  219 
5/30/2018 55 2,292 1,930 1,066 10.62 0.88 9,580    165 
5/31/2018 52 2,559 2,024 1,894 10.35 0.83       
6/1/2018 57 2,983 1,835 775 11.27 0.82       
6/2/2018 49 2,207 1,817 1,109 10.46 0.00       
6/3/2018 68 1,923 2,186 600 8.91 0.85       
6/4/2018 60 2,010 2,388 620 8.89 0.85 10,700  8,500  251 
6/5/2018 44 2,197 1,922 1,620 8.74 0.83 10,100  8,000    
6/6/2018 36 2,366 1,672 1,498 12.19 0.83 8,300  6,500  247 
6/7/2018 48 2,737 1,530 1,003 13.77 0.00       
6/8/2018 49 2,661 1,747 600 10.11 0.55       
6/9/2018 51 2,590 1,504 600 9.58 0.55       
6/10/2018 53 2,535 1,421 600 10.12 0.56 6,200  5,000  178 
6/11/2018 47 2,114 1,681 858 12.88 0.56 7,800  6,100  259 
6/12/2018 52 2,064 1,830 837 13.89 0.58       
6/13/2018 54 2,377 1,961 851 12.12 0.60       









Table A.1   (Continued) 
    Influent Primary Effluent 
Date Year-Day Precipitation Daily Ave. Flow Peak Daily Flow Temperature BOD TSS TP OP NO3 NH3 
   (inch) (MGD) (MGD)  (Deg C) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
6/15/2018 2-32   89.5 109.7 18.4 69 110.00 5.9 4.7 0.1 13.6 
6/16/2018 2-33   78.2 89.8               
6/17/2018 2-34   73.6 82.9               
6/18/2018 2-35 0.34 75.3 112.0 19.2     7.6 4.8     
6/19/2018 2-36 0.22 85.3 111.0 18.9             
6/20/2018 2-37 0.15 85.4 109.4 19.2 151 100.00   5.00 0.2 22.2 
6/21/2018 2-38 0.2 90.3 106.7 17.9 82 92.00     0.6 17.2 
6/22/2018 2-39   85.4 94.8 19.3 112 88.00     0.3 17 
6/23/2018 2-40   81.8 94.9         2.90     
6/24/2018 2-41 0.2 103.9 166.3               
6/25/2018 2-42 2.67 123.6 231.4 19.6             
6/26/2018 2-43 0.32 179.4 233.8 20.4       0.25 8.9   
6/27/2018 2-44   140.8 175.1 19.3 80 68       6.7 
6/28/2018 2-45 0.02 115.7 132.8 19.8 62 52     1 9.2 
6/29/2018 2-46   108.2 126.1 21.3 57 60   0.40 0.7 11.5 
6/30/2018 2-47 2.1 115.7 213.6               
7/1/2018 2-48 0.23 264.9 271.3               
7/2/2018 2-49   239.1 266.1 20.7     0.8 0.27     
7/3/2018 2-50   185.9 217.3 20.3 30 76   0.18 0 6 
7/4/2018 2-51   158.6 183.1               
7/5/2018 2-52   148.5 178.0 20 55 68     0 6.3 
7/6/2018 2-53   147.7 160.9 19.6 62 64   0.24 0 10.4 
7/7/2018 2-54   140.5 153.6       1.2 0.59     
7/8/2018 2-55   129.8 139.8       2.99       
7/9/2018 2-56   130.1 141.7 20.3       0.65     
7/10/2018 2-57   131.0 141.4 22             
7/11/2018 2-58   126.5 136.1 23.4 72 80     0.1 11.2 
7/12/2018 2-59   116.7 133.1 22.3 70 68 1.4 0.90 0 11.8 
7/13/2018 2-60 0.1 98.5 128.8 22.4 112 56 2.1 1.10   13.1 
7/14/2018 2-61   94.0 107.1               









Table A.1   (Continued) 
 Aeration Control Basin 
Date Basins Pass 1 Start OP Pass 1 OP Pass 2 OP Pass 3 OP Pass 4 OP Pass 1 NO3 Pass 2 NO3 Pass 3 NO3 Pass 4 NO3 
  No. Online (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
6/15/2018 6 4.4 4.9 4.4 3.9 3.7 0.2 4.3 10.1 13.1 
6/16/2018 6                   
6/17/2018 6                   
6/18/2018 6 4.4 6.3 6 4 3.8         
6/19/2018 6                   
6/20/2018 6 4.7 6.6     4.3 0.3 4.1 13.9 17.4 
6/21/2018 6           0.5 4.3 11.9 14.9 
6/22/2018 6           0.9 4.9 17.5 19 
6/23/2018 6 2.8 3.4     2.6         
6/24/2018 6                   
6/25/2018 6                   
6/26/2018 6 1.1 1.43     3         
6/27/2018 6           1.5 2 5.4 5.8 
6/28/2018 6           1 3.1 8 9.3 
6/29/2018 6 0.5 0.4 0.4 0.5 0.8 1.8 3.4 7.5 9.5 
6/30/2018 6                   
7/1/2018 6                   
7/2/2018 6 0.4 0.3 0.5 0.4 0.6         
7/3/2018 6 0.3 0.2 0.1 0.7 0.66 0 0 0   
7/4/2018 6                   
7/5/2018 6           0 1.3 5 5.3 
7/6/2018 6 0.4 0.26 0.4 0.8 0.9 0 0 0   
7/7/2018 6 0.8 0.45 0.5 0.9 1.3         
7/8/2018 6                   
7/9/2018 6 1.0 0.8 0.6 1.8 1.7         
7/10/2018 6                   
7/11/2018 6           0.2 2.6 7.2 9 
7/12/2018 6 1.3 1.1 1 2.2 2.1 0 2.9 8.7 11.2 
7/13/2018 6 1.5 1 1 2.5 2.4         
7/14/2018 6                   









 Table A.1   (Continued) 
 Control Basin 
Date Pass 1 NH3 Pass 2 NH3 Pass 3 NH3 Pass 4 NH3 MLSS MLVSS Pass 1 ORP Pass 2 ORP Pass 3 ORP Pass 4 ORP 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mV) (mV) (mV) (mV) 
6/15/2018 14.3 6.9 1 0.86 3,000 2,800         
6/16/2018         3,000 2,700         
6/17/2018         2,700 2,400 64 140 182 214 
6/18/2018         3,300 2,800         
6/19/2018         3,600 2,900         
6/20/2018 20 10.4 1.1 0.9 3,900 3,200 50 165 192 234 
6/21/2018 16 9.4 0.9 0.74 2,700 2,100         
6/22/2018 15.1 8.3 1 0.92 4,000 2,900         
6/23/2018         3,800 2,800         
6/24/2018         4,100 3,000 36 109 144 197 
6/25/2018         4,500 3,100         
6/26/2018         3,600 2,500         
6/27/2018 6.7 3.9 0.8 0.68 3,800 2,500 20 135 166 208 
6/28/2018 9.7 5.8 0.1 0.12 3,600 2,800         
6/29/2018 9.9 5 1.2 0.93 2,600 1,600         
6/30/2018         2,700 1,900 56 178 209 268 
7/1/2018         3,300 2,200         
7/2/2018         3,700 2,700         
7/3/2018         3,900 2,600 115 158 247 297 
7/4/2018         4,400 2,700         
7/5/2018 5.6 3.5 0.5 0.43 3,800 2,600 97 165 212 294 
7/6/2018         3,200 2,300         
7/7/2018         3,700 2,500         
7/8/2018         2,200 1,600 34 142 187 264 
7/9/2018         4,500 2,900         
7/10/2018         3,900 2,300         
7/11/2018 9.6 6 0.3 0.26 3,800 2,700         
7/12/2018 12 7 0.1 0.1 3,500 2,100 24 122 187 240 
7/13/2018         2,500 1,300         
7/14/2018         2,500 1,300         









Table A.1   (Continued) 
 Control Basin 
Date Pass 1 DO Pass 2 DO Pass 3 DO Pass 4 DO Pass 1 Airflow Pass 2 Airflow Pass 3 Airflow Pass 4 Airflow 
  (mg/L) (mg/L) (mg/L) (mg/L) (scfm) (scfm) (scfm) (scfm) 
6/15/2018 0.1 0.4 1.0 3.4 811 1,309 1,065 634 
6/16/2018 0.1 0.5 1.0 4.5 805 1,084 755 624 
6/17/2018 0.1 0.5 2.4 2.8 805 1,473 724 623 
6/18/2018 0.1 0.5 1.1 2.3 798 1,634 972 700 
6/19/2018 0.1 0.5 0.9 2.0 805 1,443 1,137 1,276 
6/20/2018 0.1 0.5 0.9 2.8 793 1,653 1,215 616 
6/21/2018 0.1 0.5 0.9 2.0 785 1,952 941 804 
6/22/2018 0.1 0.5 1.0 2.1 792 2,010 1,000 741 
6/23/2018 0.1 0.5 1.8 2.7 794 1,506 740 601 
6/24/2018 0.1 0.5 2.2 3.5 827 1,416 815 692 
6/25/2018 0.1 0.5 2.0 3.2 1,140 1,570 920 627 
6/26/2018 0.1 0.5 1.6 2.1 811 1,798 798 705 
6/27/2018 0.1 0.5 1.6 3.1 810 1,633 895 633 
6/28/2018 0.1 0.5 1.0 4.7 807 1,346 991 600 
6/29/2018 0.1 0.5 1.1 3.9 808 1,571 1,008 600 
6/30/2018 0.075 0.501 1.493 3.342 806 1,669 858 604 
7/1/2018 0.298 0.555 2.568 2.255 788 1,065 699 676 
7/2/2018 0.111 0.472 2.141 2.232 806 1,592 795 602 
7/3/2018 0.075 0.463 1.159 2.171 880 2,105 1,204 862 
7/4/2018 0.108 0.533 2.843 2.202 800 1,667 709 637 
7/5/2018 0.119 0.495 1.973 2.621 795 1,421 861 621 
7/6/2018 0.091 0.5 0.951 3.352 811 1,560 1,388 622 
7/7/2018 0.09 0.505 1.789 3.091 803 1,599 895 600 
7/8/2018 0.118 0.502 2.152 3.307 802 1,340 966 615 
7/9/2018 0.1 0.792 1.373 3.903 1,038 1,952 1,280 1,086 
7/10/2018 0.088 0.509 0.965 2.662 1,002 1,667 1,417 622 
7/11/2018 0.088 0.5 0.971 2.519 992 1,648 1,383 634 
7/12/2018 0.091 0.518 1.245 2.264 1,033 1,673 1,112 637 
7/13/2018 0.078 0.521 1.049 2.491 1,091 1,605 998 660 
7/14/2018 0.142 0.509 2.018 3.07 1,169 1,386 777 601 








Table A.1   (Continued) 
 Control Basin Modified Basin 
Date RAS Flow WAS Flow WAS TSS WAS VSS WAS TP Pass 1 Start OP Pass 1 OP Pass 2 OP Pass 3 OP Pass 4 OP 
  (MGD) (MGD) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
6/15/2018 15.32 0.47       5.7 13.4 7.5 2.9 2.7 
6/16/2018 14.22 0.44                 
6/17/2018 13.26 0.00                 
6/18/2018 14.57 0.43 8,200 6,200 119 5.5 22.7 9.5 3.4 3.5 
6/19/2018 17.42 0.42                 
6/20/2018 17.28 0.00 10,000   135 18.1 20.4 9 4.7 4.57 
6/21/2018 16.93 0.43                 
6/22/2018 15.49 0.45 12,300 8,900 152           
6/23/2018 12.45 0.45       6.6 13.5 7.2 2 1.75 
6/24/2018 16.72 0.49 10,600 7,700             
6/25/2018 20.50 0.50 12,500 9,000 137           
6/26/2018 27.98 0.00       5.3 5.08 2.9 3.4 3.16 
6/27/2018 22.61 0.60 14,000 9,500             
6/28/2018 17.13 0.45                 
6/29/2018 16.00 0.44 11,600 7,700   1.1 1.5 0.8 0.9 0.7 
6/30/2018 16.51 0.45 12,300 8,300             
7/1/2018 30.40 0.51 10,100 6,500 122           
7/2/2018 30.49 0.00 15,300 9,400   0.5 0.4 0.2 0.4 0.34 
7/3/2018 27.26 0.00 16,800 9,800 213 1.1 0.91 0.4 0.7 0.67 
7/4/2018 24.25 0.00 16,200 9,400             
7/5/2018 22.24 0.00 14,400 8,300 159           
7/6/2018 20.93 0.00 13,800 8,300   0.9 1.2 0.6 1.1 0.9 
7/7/2018 20.36 0.00 12,900 7,600   1.1 1.8 1.1 1.4 1.2 
7/8/2018 19.36 1.02 9,500 5,700 125           
7/9/2018 19.30 0.00 14,000 8,200   1.5 2.77 1.2 1.8 1.5 
7/10/2018 19.37 0.00 12,900 7,400             
7/11/2018 18.61 0.00                 
7/12/2018 16.96 0.16       3.0 3.1 1.9 2 1.8 
7/13/2018 13.92 0.00       3.0 3.4 2.1 1.6 1.4 
7/14/2018 13.42 0.00                 









Table A.1   (Continued) 
 Modified Basin 
Date Pass 1 NO3 Pass 2 NO3 Pass 3 NO3 Pass 4 NO3 
Pass 1 
Start NH3 Pass 1 NH3 Pass 2 NH3 Pass 3 NH3 Pass 4 NH3 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
6/15/2018 0.9 3.8 9.1 11.8 12.8 8.2 4.8 4.1 0.56 
6/16/2018                   
6/17/2018                 0.6 
6/18/2018                   
6/19/2018                   
6/20/2018 0.8 6.8 19.1 21.2 22.6 14.5 0.3 0.2 0.8 
6/21/2018 0.9 4.5 12.9 15.7 16.7 8.9 1.1 0.87 0.5 
6/22/2018 1.2 3.5 10.3 13.4 14.6 7.3 1.5 1.1 0.7 
6/23/2018                   
6/24/2018                 0.1 
6/25/2018                   
6/26/2018         6.21 6     0.23 
6/27/2018                 0.87 
6/28/2018 1.5 2.6 7.3 8.5 9.6 5.9 2.8 2.1 0.25 
6/29/2018 1.9 2.8 7.6 9.9 10.4 5.6 2.9 2.4   
6/30/2018                 0.97 
7/1/2018                   
7/2/2018                   
7/3/2018 0 1.5 5.1 6.1 6.5 3.1 4.1 3.6 1 
7/4/2018                 2.5 
7/5/2018 0 1.6 4.9 5.3 5.5 2.8 0.6 0.5   
7/6/2018 0 2.1 7.4 8.5 9.2 5.3 0.9 0.7 0.3 
7/7/2018                   
7/8/2018                 0.2 
7/9/2018                   
7/10/2018                   
7/11/2018 0.4 2.4 9.4 9.9 11.2 5.6 1.6 1.4 0.8 
7/12/2018 0 2.8 10.2 10.9 12.2 6.2 48.7 39.6 1.1 
7/13/2018 1.2 4.1 12 12.6 13.4 7.1 4 3.4   
7/14/2018                 0.5 







Table A.1   (Continued) 
 Modified Basin 
Date MLSS MLVSS Pass 1 ORP Pass 2 ORP Pass 3 ORP Pass 4 ORP Pass 1 DO Pass 2 DO Pass 3 DO Pass 4 DO 
  (mg/L) (mg/L) (mV) (mV) (mV) (mV) (mg/L) (mg/L) (mg/L) (mg/L) 
6/15/2018 3,000 2,800 -109 70 166 184 0.1 0.5 1.0 3.0 
6/16/2018 3,000 2,700 -118 87 185 176 1.1 0.5 1.0 3.3 
6/17/2018 2,700 2,400         0.8 0.5 1.0 3.9 
6/18/2018 3,300 2,800 -124 77 178 184 0.4 0.5 1.0 2.3 
6/19/2018 3,600 2,900         0.3 0.5 0.9 2.0 
6/20/2018 3,900 3,200 -149 61 129 167 0.3 0.5 1.0 2.2 
6/21/2018 2,700 2,100         0.3 0.5 0.9 2.1 
6/22/2018 4,000 2,900         0.7 0.5 0.9 1.9 
6/23/2018 3,800 2,800 -138 59 147 171 0.8 0.5 1.0 2.9 
6/24/2018 4,100 3,000         0.6 0.5 1.0 3.1 
6/25/2018 4,500 3,100         0.5 0.5 1.0 3.0 
6/26/2018 3,600 2,500 -50 71 151 184 0.5 0.5 1.0 3.9 
6/27/2018 3,800 2,500         0.4 0.5 1.0 3.9 
6/28/2018 3,600 2,800         0.5 0.5 1.0 3.7 
6/29/2018 2,600 1,600         0.5 0.5 1.0 3.2 
6/30/2018 2,700 1,900 5 71 172 175 0.4 0.5 1.0 4.1 
7/1/2018 3,300 2,200         0.4 0.6 1.8 3.8 
7/2/2018 3,700 2,700 24 75 160 198 0.4 0.5 0.9 4.3 
7/3/2018 3,900 2,600         0.4 0.6 1.0 3.5 
7/4/2018 4,400 2,700 42 70 148 180 0.3 0.5 1.4 4.7 
7/5/2018 3,800 2,600         0.3 0.5 1.0 4.0 
7/6/2018 3,200 2,300 4 73 159 154 0.2 0.5 0.9 2.7 
7/7/2018 3,700 2,500         0.2 0.5 1.0 4.4 
7/8/2018 2,200 1,600         0.1 0.5 1.1 4.0 
7/9/2018 4,500 2,900 -14 99 219 219 0.1 0.6 0.8 3.1 
7/10/2018 3,900 2,300         0.1 0.5 0.9 3.3 
7/11/2018 3,800 2,700         0.1 0.5 1.0 3.7 
7/12/2018 3,500 2,100         0.1 0.5 0.9 3.6 
7/13/2018 2,500 1,300         0.0 0.5 0.9 3.2 
7/14/2018 2,500 1,300 -5 103 224 209 0.0 0.5 1.0 4.5 








Table A.1   (Continued) 
 Modified Basin 
Date Pass 1 Airflow Pass 2 Airflow Pass 3 Airflow Pass 4 Airflow RAS Flow WAS Flow WAS TSS WAS VSS WAS TP 
  (scfm) (scfm) (scfm) (scfm) (MGD) (MGD) (mg/L) (mg/L) (mg/L) 
6/15/2018 65 1,315 1,641 734 14.21 0.59 7,300  6,000    
6/16/2018 66 1,607 1,899 753 12.71 0.52 9,100  7,200  249 
6/17/2018 67 1,435 1,691 630 11.84 0.52 7,800  6,100    
6/18/2018 58 1,589 1,881 1,100 13.02 0.48 6,100  4,700    
6/19/2018 67 2,000 2,058 1,463 15.34 0.00       
6/20/2018 61 1,826 2,203 1,227 15.18 0.54 10,000  7,140  182 
6/21/2018 63 1,514 1,813 1,005 15.28 0.53       
6/22/2018 56 1,921 1,909 1,201 13.25 0.52       
6/23/2018 69 1,652 1,834 874 14.37 0.54 9,900  7,200    
6/24/2018 69 1,508 1,734 822 20.65 0.00       
6/25/2018 65 1,603 1,858 913 21.89 0.55 13,800  9,700  209 
6/26/2018 72 1,349 1,652 740 29.01 0.58 10,000  6,900    
6/27/2018 78 1,312 1,670 616 22.60 0.52       
6/28/2018 75 1,293 1,626 737 17.13 0.50 10,700  7,600  172 
6/29/2018 65 1,574 1,696 819 16.00 0.00       
6/30/2018 66 1,753 1,713 649 16.51 0.00       
7/1/2018 68 999 826 691 31.08 0.00       
7/2/2018 72 1,048 1,282 600 30.76 0.00 10,400  6,500  154 
7/3/2018 73 1,757 1,665 822 27.27 0.00 10,200    176 
7/4/2018 72 1,357 1,056 599 24.27 0.00       
7/5/2018 73 1,191 1,432 808 22.23 0.00       
7/6/2018 64 1,560 1,694 788 21.75 0.00       
7/7/2018 70 1,777 1,469 600 20.91 0.00       
7/8/2018 70 1,440 1,548 667 19.37 0.00       
7/9/2018 51 2,089 1,870 1,301 19.38 0.00 12,400  7,600  226 
7/10/2018 62 2,140 2,214 782 19.38 0.57       
7/11/2018 59 1,992 2,181 735 18.60 0.51 11,600  7,000  199 
7/12/2018 63 2,022 1,873 620 16.96 0.51 10,800  6,300    
7/13/2018 46 2,218 1,775 645 13.93 0.51 6,100  3,400  142 
7/14/2018 54 2,079 1,411 613 13.43 0.48 8,100  4,800    









Table A.1   (Continued) 
    Influent Primary Effluent 
Date Year-Day Precipitation Daily Ave. Flow Peak Daily Flow Temperature BOD TSS TP OP NO3 NH3 
   (inch) (MGD) (MGD)  (Deg C) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
7/16/2018 2-63   87.8 96.1 23     2.9 1.80     
7/17/2018 2-64   85.3 94.7 21.6             
7/18/2018 2-65   82.7 93.6 21 105 88   2.10   18.4 
7/19/2018 2-66   82.0 90.4 22.2 132 76     0.3 19.8 
7/20/2018 2-67   79.9 88.0 21.2 89 68 3.7 2.6   20.6 
7/21/2018 2-68   76.8 85.2               
7/22/2018 2-69   73.7 83.1               
7/23/2018 2-70   77.4 87.9 21.3     5.4 2.8 1.7   
7/24/2018 2-71   71.2 85.0 21.5       3.0     
7/25/2018 2-72   64.2 85.4 20.7 148 84       24.2 
7/26/2018 2-73   60.2 86.5 21.5 178 96 6.4 4.4 1.1 26.8 
7/27/2018 2-74   57.9 67.7 19.9 137 60   4.3 0.9 24.8 
7/28/2018 2-75   55.4 83.1               
7/29/2018 2-76   54.7 88.4               
7/30/2018 2-77 0.05 57.9 88.7 20.8     5.9 4.2     
7/31/2018 2-78   56.9 66.9 20.2       4.3     
8/1/2018 2-79 0.02 58.1 118.4 22.2 194 96     1 33.8 
8/2/2018 2-80   58.1 77.8 20 182 120   4.1 0.8 31.4 
8/3/2018 2-81   55.5 102.1 21.7 191 84 4.8 4.1 0.7 32 
8/4/2018 2-82   53.6 85.1               
8/5/2018 2-83   52.7 84.8               
















Table A.1   (Continued) 
 Aeration Control Basin 
Date Basins Pass 1 Start OP Pass 1 OP Pass 2 OP Pass 3 OP Pass 4 OP Pass 1 NO3 Pass 2 NO3 Pass 3 NO3 Pass 4 NO3 
  No. Online (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
7/16/2018 6 2.0 1.8 2 2.1 2.5 1.9 0.5     
7/17/2018 6                   
7/18/2018 6 1.5 2.4 2.6             
7/19/2018 6           0.5 4.2 11.6 15.3 
7/20/2018 6 2.8 3 3.4 3.1 3.4         
7/21/2018 6                   
7/22/2018 6                   
7/23/2018 6 2.9 3 2.9 3.4 3.35 1.8 4.3 12.5 16.0 
7/24/2018 6 2.9 3.1 3.5 3.1 2.8         
7/25/2018 6                 22.1 
7/26/2018 6 4.2 4.5 4 3.4 3.8 1.5 7.4 20.9 24.9 
7/27/2018 6 4.2 5.3     3.9 0.6 0.1 0   
7/28/2018 6                   
7/29/2018 6                   
7/30/2018 6 4.0 4.1 3.9 3.8 3.6         
7/31/2018 6 4.2 4.2 4.4 4.1 3.9         
8/1/2018 6           1 8.9 26.8 28.5 
8/2/2018 6 2.9 5.4 5     0.9 8.1 22.6 25.4 
8/3/2018 6 3.9 4.5 4.9 4 3.5 0.9 8.1 27.5 29.6 
8/4/2018 6                   
8/5/2018 6                   
















 Table A.1   (Continued) 
 Control Basin 
Date Pass 1 NH3 Pass 2 NH3 Pass 3 NH3 Pass 4 NH3 MLSS MLVSS Pass 1 ORP Pass 2 ORP Pass 3 ORP Pass 4 ORP 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mV) (mV) (mV) (mV) 
7/16/2018         2,100 1,400         
7/17/2018         2,400 2,000         
7/18/2018 16.2 10.7 0.7 0.52 1,500 1,300         
7/19/2018 17.8 10.1 0.7 0.63 1,600 1,500 64 121 172 257 
7/20/2018         3,600 2,400         
7/21/2018         3,700 2,500         
7/22/2018         3,300 2,300         
7/23/2018         4,300 2,800 79 169 201 234 
7/24/2018         4,000 2,400         
7/25/2018 25.7 15.4 0.3 0.23 4,200 2,900         
7/26/2018 27.1 11.9 0.1 0.1 3,000 2,200         
7/27/2018         3,100 2,600 51 136 189 246 
7/28/2018         3,300 2,400         
7/29/2018         4,400 2,700         
7/30/2018         2,300 1,600 29 112 168 250 
7/31/2018         2,200 1,400         
8/1/2018 32.4 17.2 0.4 0.3 3,700 2,500         
8/2/2018 27.6 11.6 0.2 0.2 3,500 2,800 24 107 157 234 
8/3/2018 33.6 13.8 0.1 0.1 3,600 2,500         
8/4/2018         3,000 2,000         
8/5/2018         3,500 2,400         
















Table A.1   (Continued) 
 Control Basin 
Date Pass 1 DO Pass 2 DO Pass 3 DO Pass 4 DO Pass 1 Airflow Pass 2 Airflow Pass 3 Airflow Pass 4 Airflow 
  (mg/L) (mg/L) (mg/L) (mg/L) (scfm) (scfm) (scfm) (scfm) 
7/16/2018 0.13 0.5 1.122 3.284 1,163 1,421 924 600 
7/17/2018 0.116 0.5 0.993 3.209 1,167 1,460 1,110 601 
7/18/2018 0.103 0.492 0.955 3.168 1,147 1,564 960 603 
7/19/2018 0.113 0.556 1.201 3.166 1,021 1,534 938 624 
7/20/2018 0.092 0.494 0.965 3.367 999 1,496 937 601 
7/21/2018 0.107 0.506 2.196 3.541 997 1,488 777 600 
7/22/2018 0.129 0.495 2.724 4.067 997 1,312 687 600 
7/23/2018 0.094 0.496 1.185 3.05 1,014 1,589 1,007 600 
7/24/2018 0.072 0.435 1.188 2.435 892 1,820 957 729 
7/25/2018 0.075 0.521 1.009 2.589 1,043 2,036 1,180 954 
7/26/2018 0.093 0.503 1.891 2.6 930 1,549 777 602 
7/27/2018 0.073 0.498 1.558 2.841 886 1,545 766 600 
7/28/2018 0.079 0.502 1.85 2.559 885 1,543 762 616 
7/29/2018 0.086 0.498 2.067 2.64 889 1,527 724 600 
7/30/2018 0.07 0.501 1.433 2.542 886 1,723 910 606 
7/31/2018 0.084 0.505 1.311 3.229 854 1,515 900 600 
8/1/2018 0.095 0.603 1.599 4.123 848 1,662 1,032 712 
8/2/2018 0.068 0.509 0.975 4.586 815 1,534 1,236 610 
8/3/2018 0.067 0.526 1.262 2.487 903 1,796 739 648 
8/4/2018 0.06 0.511 1.337 1.993 810 1,854 678 700 
8/5/2018 0.071 0.495 1.549 2.004 804 1,677 666 711 











Table A.1   (Continued) 
 Control Basin Modified Basin 
Date RAS Flow WAS Flow WAS TSS WAS VSS WAS TP Pass 1 Start OP Pass 1 OP Pass 2 OP Pass 3 OP Pass 4 OP 
  (MGD) (MGD) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
7/16/2018 12.57 0.00 13,500 7,800 217 3.4 5.1 3.4 3.1 2.6 
7/17/2018 12.22 0.50                 
7/18/2018 11.77 0.45 11,300 7,000   3.1 5.9 4.6 1.9 1.9 
7/19/2018 11.59 0.48 7,100 4,800             
7/20/2018 11.24 0.49 12,700 7,700   2.9 6.2 4.2 1.3 1.2 
7/21/2018 10.68 0.43                 
7/22/2018 10.60 0.39                 
7/23/2018 11.87 0.00 11,900 7,300 128 3.7 7.45 3.8 1.1 0.90 
7/24/2018 10.96 0.00 10,500   146 4.4 24.8 10.9 1.1 1.05 
7/25/2018 10.03 0.00                 
7/26/2018 10.24 0.00 8,900   62 24.8 25.3 15.2 1.1 1.05 
7/27/2018 9.36 0.43       12.4 26.7 16 1 1.00 
7/28/2018 7.46 0.40 13,900 8,900 168           
7/29/2018 7.38 0.39 12,800 8,200             
7/30/2018 8.24 0.40 9,600 6,100 161 8.9 19.5 7.8 1 0.91 
7/31/2018 7.73 0.40 7,700 5,000   7.4 21.6 14.5 0.9 0.85 
8/1/2018 8.99 0.44 11,200 7,100 175           
8/2/2018 8.04 0.00 12,100   164 9.0 18.25 9.9 1.6 1.50 
8/3/2018 8.44 0.00 13,200   202 3.2 31.0 20.2 0.2 0.15 
8/4/2018 7.74 0.41 14,100 9,300             
8/5/2018 7.49 0.44 12,900 8,700             
















Table A.1   (Continued) 
 Modified Basin 
Date Pass 1 NO3 Pass 2 NO3 Pass 3 NO3 Pass 4 NO3 Pass 1 Start NH3 Pass 1 NH3 Pass 2 NH3 Pass 3 NH3 Pass 4 NH3 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
7/16/2018                 0.2 
7/17/2018                   
7/18/2018                 0.2 
7/19/2018 1.6 6.3 18.2 19.4 20 12.4 2.6 2.3   
7/20/2018 1.2 5.6 18.1 20.1 21.8 9.8 1.5 1.2 0.4 
7/21/2018                   
7/22/2018                 1.2 
7/23/2018 1.3 1.09   15           
7/24/2018                 0.8 
7/25/2018                   
7/26/2018 1.59     22.4         0.1 
7/27/2018                   
7/28/2018                   
7/29/2018                 0.5 
7/30/2018                   
7/31/2018                 0.1 
8/1/2018 2.3 7.8 24.2 29.9 32.1 13.8 1.3 1.1   
8/2/2018 1.1 8.7 25.5 29.3 33.3 20.3 1.9 1.5 0.1 
8/3/2018 1.9 8.6 24.9 26.8 29.4 18.2 1.2 0.9 0.2 
8/4/2018                   
8/5/2018                 0.1 











Table A.1   (Continued) 
 Modified Basin 
Date MLSS MLVSS Pass 1 ORP Pass 2 ORP Pass 3 ORP Pass 4 ORP Pass 1 DO Pass 2 DO Pass 3 DO Pass 4 DO 
  (mg/L) (mg/L) (mV) (mV) (mV) (mV) (mg/L) (mg/L) (mg/L) (mg/L) 
7/16/2018 2,100 1,400         0.0 0.4 1.0 4.9 
7/17/2018 2,400 2,000         0.0 0.3 1.0 4.3 
7/18/2018 1,500 1,300 -20 78 190 224 0.0 0.1 0.9 1.9 
7/19/2018 1,600 1,500         0.1 0.4 0.7 2.0 
7/20/2018 3,600 2,400         0.1 0.5 0.7 3.1 
7/21/2018 3,700 2,500         0.1 0.5 0.9 3.4 
7/22/2018 3,300 2,300 -31 97 216 208 0.1 0.5 1.0 4.2 
7/23/2018 4,300 2,800         0.1 0.5 0.8 3.4 
7/24/2018 4,000 2,400         0.1 0.4 0.7 3.1 
7/25/2018 4,200 2,900 -124 83 202 204 0.1 0.5 0.8 3.1 
7/26/2018 3,000 2,200         0.1 0.5 0.7 2.8 
7/27/2018 3,100 2,600 -167 89 185 199 0.1 0.5 0.9 3.6 
7/28/2018 3,300 2,400         0.1 0.5 0.9 3.9 
7/29/2018 4,400 2,700         0.1 0.5 1.0 4.3 
7/30/2018 2,300 1,600 -175 73 167 164 0.1 0.5 0.8 3.4 
7/31/2018 2,200 1,400         0.0 0.5 0.6 2.5 
8/1/2018 4,000 2,600 -143 74 175 170 0.0 0.5 0.7 2.0 
8/2/2018 4,300 3,200         0.0 0.5 0.8 2.7 
8/3/2018 3,700 2,600 -148 60 124 163 0.0 0.5 0.7 3.2 
8/4/2018 3,000 2,100         0.0 0.5 0.8 3.4 
8/5/2018 4,100 2,900 -137 68 169 196 0.0 0.5 0.9 3.6 
















Table A.1   (Continued) 
 Modified Basin 
Date Pass 1 Airflow Pass 2 Airflow Pass 3 Airflow Pass 4 Airflow RAS Flow WAS Flow WAS TSS WAS VSS WAS TP 
  (scfm) (scfm) (scfm) (scfm) (MGD) (MGD) (mg/L) (mg/L) (mg/L) 
7/16/2018 59 2,758 1,331 603 12.57 0.00 7,900  4,900  201 
7/17/2018 45 2,893 1,325 600 12.22 0.00       
7/18/2018 110 2,510 1,330 876 11.78 0.00       
7/19/2018 247 2,803 1,915 1,131 11.58 0.00       
7/20/2018 234 2,110 1,988 846 11.24 0.00       
7/21/2018 310 2,025 1,674 601 10.66 0.00 12,200  7,900  237 
7/22/2018 330 1,588 1,368 599 10.71 0.45 10,900  7,000  221 
7/23/2018 259 2,117 2,114 712 11.86 0.46 12,400  7,800  266 
7/24/2018 253 2,253 2,034 863 10.99 0.46 13,000  7,900  300 
7/25/2018 285 2,268 2,318 948 10.02 0.45 12,800  8,200    
7/26/2018 232 2,145 1,979 864 9.46 0.49 11,400  7,400  319 
7/27/2018 284 2,069 1,836 600 9.65 0.53       
7/28/2018 288 1,991 1,769 601 7.66 0.00       
7/29/2018 318 1,962 1,600 600 7.62 0.00       
7/30/2018 226 2,243 1,746 637 9.41 0.00 8,000  5,200  268 
7/31/2018 217 2,264 1,863 650 7.79 0.00       
8/1/2018 247 2,413 1,831 1,044 9.35 0.47       
8/2/2018 264 2,482 2,115 650 8.05 0.47 14,100  9,600  425 
8/3/2018 257 2,298 2,096 625 8.53 0.48 12,000  8,200  331 
8/4/2018 232 2,058 1,687 601 7.78 0.00 11,800    349 
8/5/2018 273 1,994 1,530 600 7.57 0.00       
















Table A.2 Control Basin qPCR Results 
 Average Relative Quantity/16S 
Date 
Clade I/16S Clade IIA/16S Clade IIB/16S Clade IID/16S 
Clade IIC-
beta/16S 
Clade IIC/16S Accumulibacter/16S APAO/16S  
5-18-17 5.9E-05 2.0E-03 4.6E-05 3.8E-05 2.5E-06 1.9E-04 3.7E-04 1.5E-04 
5-25-17 5.7E-05 2.1E-03 6.5E-05 2.4E-05 1.2E-06 2.2E-04 3.7E-04 1.1E-04 
6-5-17 3.3E-05 1.5E-03 6.8E-05 4.8E-05 9.5E-07 2.4E-04 5.5E-04 5.2E-05 
6-9-19 4.8E-05 7.0E-04 6.3E-05 3.9E-05 6.7E-07 2.4E-04 3.8E-04 2.1E-05 
6-30-17 6.8E-05 2.5E-04 4.3E-05 6.9E-05 2.4E-06 9.8E-05 2.6E-04 8.7E-05 
7-13-17 6.6E-05 1.0E-03 1.9E-04 1.0E-04 3.0E-06 4.4E-04 4.0E-04 5.4E-05 
7-21-17 1.1E-04 1.6E-03 2.0E-04 2.2E-04 2.1E-06 8.5E-04 1.2E-03 5.5E-05 
6-20-18 6.7E-04 4.9E-03 4.6E-04 5.2E-05 3.2E-05 4.2E-04 2.8E-04 3.2E-04 
6-21-18 6.3E-04 6.4E-03 4.5E-04 7.0E-05 2.7E-05 3.5E-04 2.3E-04 2.3E-04 
6-25-18 8.7E-04 5.3E-03 4.7E-04 7.5E-05 3.0E-05 3.4E-04 3.3E-04 3.2E-04 
6-29-18 5.8E-04 3.5E-03 4.4E-04 3.7E-05 2.5E-05 2.4E-04 1.8E-04 3.0E-04 
7-5-18 7.8E-04 5.2E-03 5.2E-04 5.4E-05 2.3E-05 3.2E-04 2.4E-04 3.1E-04 
7-9-18 7.8E-04 3.6E-03 4.5E-04 3.1E-04 1.9E-05 3.5E-04 2.8E-04 2.0E-04 
7-17-18 1.3E-03 1.0E-02 7.5E-04 8.3E-05 3.3E-05 6.2E-04 5.5E-04 2.1E-04 
7-18-18 1.0E-03 6.0E-03 5.9E-04 6.6E-05 2.6E-05 4.4E-04 5.7E-04 2.1E-04 
7-20-18 1.3E-03 7.0E-03 6.6E-04 5.4E-05 3.2E-05 4.5E-04 5.9E-04 2.2E-04 
7-23-18 4.8E-04 2.8E-03 3.2E-04 4.1E-05 1.5E-05 2.4E-04 3.1E-04 1.1E-04 
7-26-18 1.1E-03 8.1E-03 7.9E-04 1.0E-04 4.2E-05 5.6E-04 5.7E-04 2.6E-04 



















Table A.3 Modified Basin qPCR Results 
 Average Relative Quantity/16S 
Date 
Clade I/16S Clade IIA/16S Clade IIB/16S Clade IID/16S 
Clade IIC-
beta/16S 
Clade IIC/16S Accumulibacter/16S APAO/16S  
5-18-17 2.8E-05 9.9E-03 2.3E-03 2.4E-04 1.8E-06 4.2E-03 1.2E-03 1.1E-04 
5-24-17 3.1E-05 1.1E-03 1.1E-04 7.4E-05 9.0E-07 3.5E-04 2.5E-04 1.1E-04 
5-25-17 7.0E-05 2.9E-03 3.5E-04 1.3E-04 1.4E-06 9.8E-04 6.5E-04 1.7E-04 
5-31-17 9.6E-05 3.9E-03 7.7E-04 1.3E-04 1.8E-06 1.7E-03 7.1E-04 1.3E-04 
6-5-17 3.7E-05 1.2E-02 4.7E-03 8.1E-04 2.3E-06 1.1E-02 3.2E-03 7.3E-05 
6-9-17 1.1E-05 4.8E-03 1.2E-03 3.7E-04 1.1E-06 1.9E-03 7.5E-04 8.9E-05 
6-30-17 5.5E-05 1.1E-02 3.3E-03 3.4E-03 2.0E-06 5.0E-03 2.0E-03 1.9E-04 
7-7-17 4.2E-05 3.4E-03 7.7E-04 1.5E-03 1.8E-06 2.3E-03 1.3E-03 1.6E-04 
7-11-17 5.7E-05 9.3E-03 1.3E-03 4.0E-03 3.6E-06 3.7E-03 3.1E-03 1.8E-04 
7-13-17 6.0E-05 5.0E-03 7.3E-04 1.9E-03 1.7E-06 2.9E-03 1.4E-03 2.0E-04 
7-14-17 4.9E-05 1.2E-02 1.8E-03 2.4E-03 8.4E-06 1.6E-03 2.1E-03 1.0E-04 
7-19-17 1.2E-04 1.9E-02 1.8E-03 6.8E-03 7.9E-06 1.3E-02 3.5E-03 9.1E-05 
7-20-17 4.6E-05 8.2E-03 3.1E-04 8.1E-03 3.0E-06 3.5E-03 4.4E-03 2.2E-04 
7-21-17 7.8E-05 1.7E-02 7.8E-04 1.1E-02 5.5E-06 8.5E-03 6.4E-03 8.8E-05 
6-20-18 6.7E-04 1.0E-02 1.2E-03 8.5E-05 3.6E-05 2.2E-03 7.3E-04 7.1E-04 
6-21-18 7.0E-04 1.2E-02 1.4E-03 9.6E-05 3.4E-05 2.0E-03 5.9E-04 5.5E-04 
6-25-18 6.8E-04 5.5E-03 7.1E-04 4.7E-05 3.2E-05 7.9E-04 3.3E-04 5.2E-04 
6-29-18 6.1E-04 6.0E-03 9.0E-04 4.5E-05 2.5E-05 1.0E-03 3.7E-04 3.7E-04 
7-5-18 7.0E-04 5.7E-03 6.9E-04 2.7E-05 2.6E-05 8.5E-04 3.1E-04 5.6E-04 
7-9-18 6.1E-04 7.0E-03 1.2E-03 6.6E-05 2.1E-05 1.6E-03 7.7E-04 2.1E-04 
7-17-18 1.2E-03 1.5E-02 2.9E-03 1.3E-04 4.7E-05 3.8E-03 2.1E-03 3.9E-04 
7-18-18 1.2E-03 2.2E-02 5.2E-03 1.3E-04 4.2E-05 7.3E-03 4.1E-03 3.1E-04 
7-20-18 8.4E-04 1.1E-02 2.5E-03 8.1E-05 2.6E-05 3.3E-03 1.9E-03 1.1E-04 
7-23-18 1.2E-03 1.8E-02 4.5E-03 1.7E-04 4.4E-05 5.7E-03 2.8E-03 2.1E-04 
7-26-18 6.8E-04 1.3E-02 4.0E-03 1.1E-04 2.5E-05 4.7E-03 2.1E-03 1.4E-04 




Table A.4 Control Basin Phyla Percent of Total OTUs (2017 Data) 
Phyla 5-18-17 5-25-17 6-5-17 6-9-17 6-30-17 7-13-17 7-21-17 
Euryarchaeota 0.05 0.025 0.03 0.02 0.00 0.02 0.03 
Thaumarchaeota 0.00 0.000 0.00 0.00 0.00 0.00 0.00 
WSA2 0.00 0.000 0.00 0.00 0.00 0.00 0.00 
Acidobacteria 1.06 0.927 0.81 1.33 0.83 1.69 1.32 
Actinobacteria 1.37 0.454 0.37 0.57 2.11 2.13 0.97 
Aminicenantes 0.00 0.000 0.00 0.00 0.00 0.00 0.00 
Armatimonadetes 0.12 0.093 0.08 0.12 0.26 0.22 0.46 
Atribacteria 0.01 0.000 0.00 0.00 0.00 0.00 0.00 
BRC1 0.03 0.020 0.04 0.06 0.03 0.06 0.06 
Bacteroidetes 28.14 33.047 30.02 30.40 17.36 28.73 29.27 
Caldiserica 0.00 0.000 0.00 0.00 0.00 0.00 0.00 
Candidatus Berkelbacteria 0.00 0.000 0.00 0.00 0.00 0.00 0.00 
Chlamydiae 0.18 0.176 0.18 0.34 0.56 0.34 0.34 
Chlorobi 0.73 0.756 0.88 0.98 0.86 1.78 3.19 
Chloroflexi 4.17 4.370 4.49 5.58 6.82 6.64 4.60 
Cloacimonetes 0.06 0.073 0.05 0.04 0.02 0.03 0.06 
Cyanobacteria 0.07 0.146 0.22 0.26 0.01 0.35 0.13 
Deinococcus-Thermus 0.03 0.060 0.10 0.08 0.14 0.00 0.00 
Elusimicrobia 0.01 0.021 0.02 0.01 0.01 0.05 0.04 
Fibrobacteres 0.00 0.000 0.00 0.01 0.00 0.00 0.01 
Firmicutes 3.58 3.099 3.21 1.69 2.02 2.28 4.00 
Fusobacteria 0.39 0.613 0.62 0.32 0.40 0.29 1.09 
Gemmatimonadetes 0.04 0.052 0.04 0.09 0.03 0.16 0.06 
Gracilibacteria 0.13 0.182 0.32 0.24 0.22 0.24 0.21 
Hydrogenedentes 0.22 0.192 0.28 0.27 0.32 0.30 0.25 
Ignavibacteriae 0.00 0.000 0.00 0.00 0.00 0.00 0.00 
Latescibacteria 0.00 0.011 0.01 0.01 0.00 0.01 0.01 
Microgenomates 0.00 0.025 0.03 0.05 0.12 0.21 0.27 
Nitrospirae 0.11 0.130 0.08 0.09 0.06 0.04 0.07 
Omnitrophica 0.00 0.000 0.01 0.01 0.01 0.01 0.00 
Parcubacteria 0.11 0.137 0.13 0.09 0.06 0.07 0.07 
Planctomycetes 2.33 2.102 1.72 1.80 2.99 3.76 2.82 
Proteobacteria 53.54 49.357 51.98 51.05 61.91 46.93 47.65 
SBR1093 0.00 0.000 0.00 0.00 0.00 0.00 0.00 
Absconditabacteria 0.00 0.003 0.02 0.02 0.01 0.03 0.03 
Saccharibacteria 0.00 0.000 0.00 0.00 0.00 0.00 0.00 
Spirochaetae 0.17 0.135 0.23 0.37 0.03 0.46 0.48 
Synergistetes 0.01 0.000 0.01 0.00 0.00 0.01 0.03 
Dependentiae 0.00 0.011 0.01 0.01 0.09 0.01 0.05 
Tenericutes 0.01 0.000 0.01 0.00 0.00 0.00 0.01 
Thermotogae 0.00 0.007 0.00 0.00 0.00 0.00 0.00 
Verrucomicrobia 3.06 3.256 3.29 2.86 2.39 2.46 1.74 






Table A.5 Control Basin Phyla Percent of Total OTUs (2018 Data) 
Phyla 6-20 6-21 6-25 6-29 7-5 7-9 7-17 7-18 7-20 7-23 7-26 8-3 
Euryarchaeota 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Thaumarchaeota 0.25 0.10 0.04 0.10 0.09 0.10 0.03 0.07 0.02 0.12 0.00 0.06 
WSA2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Acidobacteria 1.97 2.32 1.35 1.43 1.45 1.43 1.33 1.49 1.34 1.47 1.81 2.42 
Actinobacteria 1.56 3.92 2.19 2.81 3.86 2.26 1.97 2.10 2.04 1.70 1.65 3.94 
Aminicenantes 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Armatimonadetes 0.00 0.00 0.13 0.00 0.15 0.03 0.05 0.12 0.08 0.00 0.12 0.04 
Atribacteria 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
BRC1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.06 
Bacteroidetes 19.34 18.83 20.30 18.41 15.12 15.20 14.32 16.72 18.87 15.82 19.01 22.26 
Caldiserica 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Candidatus 
Berkelbacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Chlamydiae 0.00 0.25 0.26 0.23 0.31 0.12 0.16 0.33 0.32 0.34 0.30 0.70 
Chlorobi 1.35 1.35 1.07 0.64 0.43 0.75 0.86 0.80 0.81 0.88 0.87 0.74 
Chloroflexi 1.98 1.44 1.94 2.60 0.74 1.08 1.26 1.12 1.02 0.26 0.24 1.28 
Cloacimonetes 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cyanobacteria 0.12 0.05 0.00 0.06 0.00 0.02 0.07 0.00 0.00 0.10 0.07 0.08 
Deinococcus-
Thermus 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Elusimicrobia 0.05 0.00 0.00 0.00 0.02 0.04 0.00 0.00 0.00 0.00 0.00 0.03 
Fibrobacteres 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Firmicutes 2.20 1.20 1.25 1.24 1.63 1.19 1.44 2.00 1.92 1.77 1.99 1.64 
Fusobacteria 0.43 0.37 0.41 0.32 0.00 0.25 0.47 0.44 0.41 0.32 0.46 0.52 
Gemmatimonadetes 0.03 0.04 0.04 0.00 0.03 0.02 0.00 0.00 0.01 0.00 0.07 0.00 
Gracilibacteria 0.09 0.11 0.00 0.03 0.19 0.19 0.11 0.03 0.00 0.00 0.03 0.11 
Hydrogenedentes 0.17 0.19 0.23 0.00 0.20 0.08 0.00 0.07 0.04 0.10 0.09 0.12 
Ignavibacteriae 0.81 0.56 0.88 0.59 0.58 0.31 0.44 0.34 0.52 0.25 0.00 0.00 
Latescibacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.06 0.00 0.06 0.03 0.00 
Microgenomates 0.15 0.12 0.04 0.05 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.00 
Nitrospirae 0.00 0.00 0.03 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 
Omnitrophica 3.24 2.37 3.16 2.94 3.63 3.29 2.13 2.94 2.13 2.69 2.60 2.78 
Parcubacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Planctomycetes 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Proteobacteria 64.46 64.71 65.23 66.64 69.86 71.90 74.22 69.55 69.29 72.67 68.57 60.97 
SBR1093 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Absconditabacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Saccharibacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Spirochaetae 0.54 0.41 0.43 0.34 0.34 0.27 0.36 0.49 0.25 0.51 0.89 1.00 
Synergistetes 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Dependentiae 0.00 0.00 0.05 0.00 0.00 0.01 0.00 0.06 0.00 0.04 0.00 0.00 
Tenericutes 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 
Thermotogae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 






Table A.6 Modified Basin Phyla Percent of Total OTUs (2017 Data) 
Phyla 5-18 5-24 5-25 5-31 6-5 6-9 6-30 7-7 7-11 7-13 7-14 
Euryarchaeota 0.01 0.06 0.03 0.03 0.01 0.03 0.01 0.03 0.03 0.03 0.00 
Thaumarchaeota 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
WSA2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Acidobacteria 1.13 0.75 0.72 0.79 1.30 1.27 2.01 1.72 2.17 1.86 1.54 
Actinobacteria 1.02 1.56 0.71 0.24 0.66 0.96 2.72 0.90 1.44 0.56 0.27 
Aminicenantes 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Armatimonadetes 0.16 0.31 0.23 0.41 0.13 0.14 0.32 0.37 0.28 0.40 0.34 
Atribacteria 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
BRC1 0.01 0.01 0.02 0.02 0.02 0.00 0.05 0.05 0.09 0.05 0.09 
Bacteroidetes 32.25 21.92 26.94 30.91 28.60 31.08 26.26 27.12 26.14 27.00 31.96 
Caldiserica 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Candidatus 
Berkelbacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Chlamydiae 0.08 0.07 0.07 0.09 0.06 0.25 0.28 0.36 0.40 0.31 0.22 
Chlorobi 0.40 0.43 0.42 0.51 0.61 0.51 1.20 1.54 1.59 2.06 1.95 
Chloroflexi 4.79 6.56 5.04 5.03 8.14 7.19 7.83 7.31 6.59 7.23 5.50 
Cloacimonetes 0.06 0.14 0.10 0.08 0.04 0.07 0.00 0.04 0.01 0.02 0.03 
Cyanobacteria 0.09 0.06 0.06 0.13 0.25 0.11 0.09 0.09 0.05 0.07 0.19 
Deinococcus-
Thermus 0.05 0.10 0.07 0.22 0.04 0.07 0.08 0.05 0.02 0.01 0.01 
Elusimicrobia 0.03 0.00 0.01 0.00 0.05 0.04 0.90 0.72 0.65 0.44 0.96 
Fibrobacteres 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Firmicutes 2.86 6.97 5.44 4.19 1.88 2.25 2.22 2.30 2.11 2.28 1.71 
Fusobacteria 0.52 1.26 1.24 0.98 0.32 0.60 0.44 0.53 0.58 0.61 0.44 
Gemmatimonadetes 0.08 0.02 0.03 0.00 0.16 0.00 0.06 0.05 0.07 0.05 0.16 
Gracilibacteria 0.09 0.11 0.10 0.16 0.05 0.15 0.12 0.14 0.06 0.11 0.10 
Hydrogenedentes 0.41 0.31 0.39 0.44 0.46 0.54 0.46 0.41 0.48 0.44 0.38 
Ignavibacteriae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Latescibacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Microgenomates 0.03 0.06 0.06 0.07 0.05 0.07 0.18 0.24 0.22 0.33 0.24 
Nitrospirae 0.18 0.16 0.21 0.45 0.50 0.12 0.54 0.01 0.01 0.33 0.25 
Omnitrophica 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 
Parcubacteria 0.05 0.06 0.05 0.05 0.04 0.02 0.11 0.11 0.09 0.09 0.11 
Planctomycetes 1.49 2.42 1.99 2.66 2.40 1.57 2.52 2.73 2.70 3.10 2.60 
Proteobacteria 50.78 53.41 52.51 48.08 50.22 49.99 48.70 50.40 51.16 50.00 47.09 
SBR1093 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Absconditabacteria 0.02 0.00 0.02 0.01 0.00 0.03 0.01 0.00 0.02 0.01 0.02 
Saccharibacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 
Spirochaetae 0.16 0.03 0.06 0.16 0.43 0.14 0.17 0.15 0.30 0.32 0.82 
Synergistetes 0.01 0.02 0.02 0.03 0.00 0.02 0.00 0.01 0.02 0.00 0.01 
Dependentiae 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.03 0.06 0.03 
Tenericutes 0.01 0.00 0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Thermotogae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 









Table A.6 (Continued) 
Phyla 7-19 7-20 7-21 
Euryarchaeota 0.00 0.03 0.03 
Thaumarchaeota 0.00 0.00 0.00 
WSA2 0.00 0.00 0.00 
Acidobacteria 1.75 2.17 1.78 
Actinobacteria 0.33 1.30 1.19 
Aminicenantes 0.00 0.00 0.00 
Armatimonadetes 0.35 0.69 0.53 
Atribacteria 0.00 0.00 0.01 
BRC1 0.16 0.16 0.14 
Bacteroidetes 26.40 28.06 26.66 
Caldiserica 0.00 0.00 0.00 
Candidatus 
Berkelbacteria 0.00 0.00 0.00 
Chlamydiae 0.23 0.54 0.50 
Chlorobi 2.58 3.06 3.04 
Chloroflexi 5.92 6.60 5.67 
Cloacimonetes 0.03 0.04 0.03 
Cyanobacteria 0.10 0.04 0.06 
Deinococcus-
Thermus 0.00 0.01 0.00 
Elusimicrobia 0.63 0.50 0.64 
Fibrobacteres 0.02 0.00 0.01 
Firmicutes 1.54 1.93 1.90 
Fusobacteria 0.30 0.18 0.32 
Gemmatimonadetes 0.11 0.10 0.11 
Gracilibacteria 0.09 0.05 0.02 
Hydrogenedentes 0.44 0.68 0.75 
Ignavibacteriae 0.00 0.00 0.01 
Latescibacteria 0.03 0.01 0.02 
Microgenomates 0.18 0.22 0.15 
Nitrospirae 0.24 0.09 0.46 
Omnitrophica 0.02 0.00 0.01 
Parcubacteria 0.06 0.02 0.04 
Planctomycetes 2.51 3.21 3.04 
Proteobacteria 52.48 47.63 49.34 
SBR1093 0.00 0.00 0.00 
Absconditabacteria 0.02 0.00 0.01 
Saccharibacteria 0.00 0.00 0.00 
Spirochaetae 0.94 0.44 0.94 
Synergistetes 0.00 0.00 0.02 
Dependentiae 0.03 0.01 0.04 
Tenericutes 0.00 0.01 0.00 
Thermotogae 0.00 0.00 0.00 









Table A.7 Modified Basin Phyla Percent of Total OTUs (2018 Data) 
Phyla 6-20 6-21 6-25 6-29 7-5 7-9 7-17 7-18 7-20 7-23 7-26 8-3 
Euryarchaeota 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.04 0.05 0.00 0.00 0.00 
Thaumarchaeota 0.34 0.30 0.32 0.17 0.18 0.19 0.20 0.16 0.16 0.09 0.25 0.00 
WSA2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Acidobacteria 1.65 2.06 1.42 1.42 1.42 1.18 1.04 1.18 1.02 1.18 1.52 2.48 
Actinobacteria 2.38 3.38 2.41 2.98 4.94 1.91 2.71 2.31 3.13 2.41 2.11 1.85 
Aminicenantes 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Armatimonadetes 0.03 0.00 0.09 0.05 0.10 0.06 0.06 0.10 0.05 0.03 0.05 0.04 
Atribacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
BRC1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 
Bacteroidetes 25.56 19.02 21.65 18.15 23.09 23.51 23.04 19.69 23.53 24.43 26.85 16.70 
Caldiserica 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Candidatus 
Berkelbacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Chlamydiae 0.47 0.14 0.57 0.38 0.47 0.10 0.18 0.20 0.00 0.14 0.25 0.07 
Chlorobi 1.14 0.69 1.12 0.75 0.51 1.03 0.41 0.49 0.40 0.78 0.74 1.06 
Chloroflexi 2.50 3.32 2.13 3.11 4.33 2.37 0.79 1.89 1.07 2.35 2.06 2.66 
Cloacimonetes 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Cyanobacteria 0.02 0.00 0.00 0.02 0.00 0.06 0.09 0.05 0.00 0.07 0.00 0.07 
Deinococcus-
Thermus 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Elusimicrobia 0.07 0.00 0.06 0.00 0.00 0.04 0.09 0.14 0.22 0.37 0.49 1.53 
Fibrobacteres 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Firmicutes 2.29 1.62 2.05 1.58 1.98 1.16 3.24 2.77 2.76 1.69 2.08 1.61 
Fusobacteria 0.36 0.30 0.28 0.21 0.13 0.19 0.59 0.52 0.46 0.22 0.26 0.40 
Gemmatimonadetes 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 
Gracilibacteria 0.08 0.00 0.13 0.14 0.09 0.12 0.04 0.03 0.14 0.12 0.14 0.00 
Hydrogenedentes 0.14 0.17 0.30 0.21 0.00 0.10 0.13 0.09 0.11 0.16 0.22 0.00 
Ignavibacteriae 0.80 0.82 1.00 0.83 0.79 0.74 0.99 0.86 0.78 0.73 0.78 0.54 
Latescibacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Microgenomates 0.23 0.21 0.15 0.14 0.03 0.00 0.07 0.11 0.08 0.04 0.00 0.10 
Nitrospirae 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Omnitrophica 0.93 0.98 2.02 1.86 3.15 3.31 2.00 2.09 2.25 1.95 1.57 2.11 
Parcubacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Planctomycetes 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Proteobacteria 59.79 65.70 62.72 66.92 57.58 62.18 62.61 65.16 61.74 61.03 58.43 66.39 
SBR1093 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Absconditabacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Saccharibacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Spirochaetae 0.00 0.25 0.23 0.24 0.24 0.44 0.41 0.67 0.47 0.78 0.67 1.47 
Synergistetes 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Dependentiae 0.00 0.04 0.00 0.00 0.06 0.00 0.09 0.00 0.00 0.00 0.00 0.26 
Tenericutes 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Thermotogae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
















Table B.1 Complete Mix Bench Reactor Data  
  Retention  Reactor Influent 
Date Temp. Time TSS VSS pH ORP VFA TKN sol. TKN NH3 sol. NH3 NOX 
  (Deg C) (HR) (mg/L) (mg/L)   (mV) mg/L-Hac (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
10/20/2016 21.7 23.5 7,300  6,200                  
10/21/2016 23.9 24.5 9,837                    
10/22/2016 25.6 24.4 9,212  7,185                  
10/23/2016   24.4 8,454                    
10/24/2016 22.2 25.9 5,900  4,600                  
10/25/2016 21.7 20.6 8,900  7,100  7.6 182 59.4     3.1     
10/26/2016 20.0 23.1 7,890  6,890  7.5 199   494 20.7 2.5 1.3 14.5 
10/27/2016 20.6 22.5 8,100  6,200    167 68.4 581 22.7 2.4 1.2 19.3 
10/28/2016 20.0 22.1 9,929                    
10/29/2016   16.1 9,890                    
10/30/2016 21.7 16.0 10,285  7,100  7.6               
10/31/2016   16.7 11,066    7.4   41.2           
11/1/2016   15.2 8,100  6,800    221   576 42.7 2.5 1.3 16.0 
11/2/2016 23.3 15.1 9,974    7.3 215 34.0 476 26.2 2.0 1.1 19.0 
11/3/2016 22.8 20.3 7,100  5,700  7.2 204             
11/4/2016 23.3 16.0 9,260    7.2 210   708 21.4 3.0 1.6 19.9 
11/5/2016 23.9 15.3 11,199  8,110  7.5 225 42.1           
11/6/2016 22.2 15.1 10,330    7.3 198             
11/7/2016 23.3 11.3 7,600  6,380  6.9 272 79.6 603 16.5 2.8 1.3   
11/8/2016   12.7 9,500  7,700  7.7         2.1     
11/9/2016   12.6 9,000  6,980  7.1               
11/10/2016 22.2 13.0 10,285    7.4 211   632 23.4 2.8 1.3 18.2 
11/11/2016 22.8 13.2 9,381  6,940  7.3 285             
11/12/2016   13.6 8,094                    
11/13/2016   12.2 9,947    7.2               






Table B.1   (Continued) 
 Reactor Influent Reactor Effluent 
Date sol. NOX Mg TP sol. TP OP TSS VSS pH ORP VFA TKN 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)   (mV) mg/L-Hac (mg/L) 
10/20/2016     227.0 7.4 7.3 8450 5760         
10/21/2016                       
10/22/2016     265.0                 
10/23/2016           8710 6700         
10/24/2016   21.0 167.0 37.4 8.0             
10/25/2016   20.2 171.0 36.7 8.7 7,310 6,100 7.4 -207     
10/26/2016   19.8           7.3 -197 101.5 773 
10/27/2016     199.0 25.9 9.3 7,720     -217     
10/28/2016   23.1 225.6     7,890 6,320     97.5 801 
10/29/2016     236.0                 
10/30/2016                       
10/31/2016     245.0 69.0 11.0 9,200 6,400     76.4 656 
11/1/2016 0.9 37.2 196.0         7.10 -207   615 
11/2/2016 0.0 26.2 194.0 21.2 10.1 8,300 6,800 7.20 -220     
11/3/2016   23.4 197.0 14.3 9.1     7.00 -209 53.4 708 
11/4/2016 0.0   248.0 59.9 11.3 9,320 7,260 7.40 -198     
11/5/2016   21.8 177.0         7.20 -205 69.5 1910 
11/6/2016     182.0     8,600 6,980 7.20 -178     
11/7/2016   24.1 187.0 20.4   8,520   7.60   89 537.2 
11/8/2016     204.0 32.8 8.3 9,500 7,000 7.20 -194     
11/9/2016   21.4 202.0 22.3 7.7 8,940 6,830 7.00       
11/10/2016 0.0 21.9 249.0 27.1 9.0 9,670 7,460 7.30 -182   530.8 
11/11/2016     214.0   9.6         86.4   
11/12/2016           8,200 5,580         
11/13/2016           7,700 6,080 7.20 -169   643 













Table B.1   (Continued) 
 Reactor Effluent 
Date sol. TKN NH3 sol. NH3 NOX sol. NOX Mg TP sol. TP OP 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
10/20/2016                 52.1 
10/21/2016                   
10/22/2016                 49.7 
10/23/2016           36.9 182 55.7 46 
10/24/2016                 48.5 
10/25/2016           35.8 187 59.7 55.5 
10/26/2016 49.5 13.6 12.2 ND ND       56 
10/27/2016                 58.1 
10/28/2016 39.4 12.1 10.7 ND ND 30.9       
10/29/2016             229 94.1 58.275 
10/30/2016                   
10/31/2016 75.3 25.4 24.6 ND ND 36.9 231 96.3 60 
11/1/2016 34.5         37.1 186 60.5 51.28 
11/2/2016           33.5 200 49.8 45.12 
11/3/2016 31.9 34.7 33.7 ND ND     70 47.5 
11/4/2016           28.4     51.8 
11/5/2016 18.5 15.2 12.7           42.3 
11/6/2016           31.8     57.1 
11/7/2016 40.9 10.4 9.7 ND ND   208 59.7 45.3 
11/8/2016             218 57.4 44.9 
11/9/2016           35.4 211 53.5 52.8 
11/10/2016 37.2 9.7 22.3572 ND ND       40.8 
11/11/2016           32.4     41.7 
11/12/2016                   
11/13/2016 18.9 15.5 14.8 ND ND   219 66 37.2 






Table B.1   (Continued) 
  Retention  Reactor Influent 
Date Temp. Time TSS VSS pH ORP VFA TKN sol. TKN NH3 sol. NH3 NOX 
  (Deg C) (HR) (mg/L) (mg/L)   (mV) mg/L-Hac (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
11/15/2016 23.3 11.7 10,200  8,200  7.4 225 85.9           
11/16/2016 23.9 6.2 9,000  7,300  7.0 255 69.1 633 13.7 2.5 1.6 16.8 
11/17/2016 24.4 5.6 10,689                    
11/18/2016   5.9 11,034    6.9 304 74.5           
11/19/2016   6.1 10,576    7.1               
11/20/2016 23.3 6.1 10,913  7,900  6.9 215             
11/21/2016 24.4 6.0 11,363    7.3 241   652 12.8 3.8 1.4 15.2 
11/22/2016 22.2 6.2 8,992    7.2 236             
11/23/2016   34.8 6,844  4,859  7.3   65.3           
11/24/2016 23.9 38.8 7,822                    
11/25/2016 23.9 35.0 7,089  5,530                  
11/26/2016 22.8 35.5 8,336                    
11/27/2016 23.9 35.4 9,044  7,120                  
11/28/2016 21.7 35.9 8,800  7,040  7.3 210 86.7 529 9.7 3.7 1.6 15.9 
11/29/2016 24.4 37.3 9,500                    
11/30/2016 24.4 36.6 11,333  7,850  7.1 200             
12/1/2016 23.3 36.0 11,689  7,460  7.5 198 78.3 588 16.8 4.7 1.7 14.9 
12/2/2016 22.8 47.4 8,800  7,500                  
12/3/2016 24.4 48.8 8,800  8,500  7.2               
12/4/2016 24.4 47.5 10,267    7.1 202 96.0 594 14.7 4.2 1.3 13.4 
12/5/2016 22.2 48.2 11,611  8,200  7.3               
12/6/2017 23.9 47.6 10,882        81.2           
12/7/2017 23.9 47.7 10,820    7.1 186             
12/8/2017 22.8 48.0 10,820          624 17.3 3.7 1.2 14.8 
12/9/2017 20.0 49.1 9,075    7.2 191 74.6           






Table B.1   (Continued) 
 Reactor Influent Reactor Effluent 
Date sol. NOX Mg TP sol. TP OP TSS VSS pH ORP VFA TKN 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)   (mV) mg/L-Hac (mg/L) 
11/15/2016     197.2   7.9 6,400 4,800 6.90 -163 112.6 498 
11/16/2016 0.4 29.2 267.0   12.8     6.90   62.3   
11/17/2016     273.0 31.2 12.9           584.2 
11/18/2016     263.0   12.1 9,850 7,280 6.90 -140 84.1   
11/19/2016               7.00 -155     
11/20/2016     266.0   12.1     7.00       
11/21/2016 0.0 26.6 257.0 24.9 11.1 10,020 7,890 7.00 -178   610.5 
11/22/2016           9,110 6,740 7.30 -168     
11/23/2016 0.0 31.8 174.0 17.9 9.2 8,930 6,240 7.00   124.2 620.6 
11/24/2016                     
11/25/2016                     
11/26/2016                     
11/27/2016         9.2 8,840 7,010         
11/28/2016 0.0 26.7 176.0 22.6 10.8 8,920 6,930 7.00 -185 114.6 549.5 
11/29/2016     275.5 21.8 10.7             
11/30/2016     316.0   9.4 10,320 7,240 6.90 -195     
12/1/2016 0.1 23.4 309.0 29.4 10.2     7.30   118.4 614.8 
12/2/2016     184.8 15.2 9.7 10,030 6,890         
12/3/2016     215.6 19.8 12.6     6.80 -212     
12/4/2016 0.0 30.5 232.3 22.8 7.3 10,300 8,140 6.90 -224 139.7 600.1 
12/5/2016               7.00 -241     
12/6/2017     296.0   8.8 10,950 8,540     142.1   
12/7/2017           11,040 8,800 7.00 -234     
12/8/2017 0.0 24.1 288.0 27.3 7.9           579.4 
12/9/2017           9,870 7,740 6.70 -228 140.8   













Table B.1   (Continued) 
 Reactor Effluent 
Date sol. TKN NH3 sol. NH3 NOX sol. NOX Mg TP sol. TP OP 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
11/15/2016 24.4 8.83 8.53 ND ND 35.9 167 44.3 41.9 
11/16/2016                 19.4 
11/17/2016 43.7 9.5 8.7 ND ND       18.6 
11/18/2016           31.8 255.24 14.8 13.2 
11/19/2016                 11.8 
11/20/2016                 16.3 
11/21/2016 45.8 7.9 7.6 0.2 ND 30.6 258 15.4 15.5 
11/22/2016                 13.8 
11/23/2016 46.2 9.3 9.1 ND ND 36.7     48.2 
11/24/2016                   
11/25/2016                   
11/26/2016                   
11/27/2016                   
11/28/2016 41.2 7.4 7 ND ND 46.1 191.7 60.7 58.7 
11/29/2016                 75.6 
11/30/2016             254.1 64.1 76.4 
12/1/2016 44.9 10.4 9.4 ND ND 38.6     89 
12/2/2016             267.1 64.6 59.4 
12/3/2016                 70.2 
12/4/2016 44.1 6.5 6.1 ND ND 49.5 234.1 78.1 74.5 
12/5/2016                   
12/6/2017           48.1 261.4 90.1 86.7 
12/7/2017                   
12/8/2017 43.7 12.4 11.2 ND ND 43.6 290.1 84.3 82.4 
12/9/2017                   













Table B.2 Two-Zone Bench Reactor Data  
  Retention Retention  Two-Zone Reactor Influent 
Date Temp. Time Time TSS VSS pH ORP VFA TKN sol. TKN NH3 sol. NH3 NOX S. NOX 
  (Deg C) (HR) (HR) (mg/L) (mg/L)   (mV) mg/L-Hac (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
10/20/2016 21.6 12.2 36.2 7,300  6,200                    
10/21/2016 23.9 12.9 40.0 9,837                      
10/22/2016 25.6 13.1 45.5 9,212  7,185                    
10/23/2016   12.8 47.6 8,454                      
10/24/2016 22.2 11.1 34.7 5,900  4,600                    
10/25/2016 21.7 11.6 49.8 8,900  7,100  7.8         3.1       
10/26/2016 20.0 11.7 38.4 7,890  6,890  7.7 228 84.2 494 20.7 2.5 1.3 19.2   
10/27/2016 20.6 11.8 39.2 8,100  6,200    178 89.6 581 22.7 2.4 1.2 20.4   
10/28/2016 20.0 13.1 40.2 9,929                      
10/29/2016   13.1 38.8 9,890                  18.2   
10/30/2016 21.7 12.3 39.5 10,285    7.6 219 87.2             
10/31/2016   11.0 50.2 11,066    7.4 204 79.2             
11/1/2016   12.1 42.2 8,100  6,800        576 42.7 2.5 1.3 16.0 0.9 
11/2/2016 23.3 10.2 33.9 9,974    7.3 215   476 26.2 2.0 1.1 19.0 0.0 
11/3/2016 22.8 9.4 26.8 7,100  5,700  7.2 204               
11/4/2016 23.3 9.2 31.9 9,260    7.2 210 80.4 708 21.4 3.0 1.6 19.9 0.0 
11/5/2016 23.9 9.8 32.0 11,199    7.5 225               
11/6/2016 22.2 8.9 31.6 10,330    7.3 198     16.5         
11/7/2016 23.3 8.8 25.5 7,600  6,380  6.9 272 79.6 603   2.8 1.3 14.9   
11/8/2016   8.4 34.7 9,500  7,700  7.7         2.1       
11/9/2016   9.2 47.3 9,000  6,980  7.1                 
11/10/2016 22.2 8.4 55.8 10,285    7.4 211   632 23.4 2.8 1.3 22.4 0.0 
11/11/2016 22.8 9.0 46.3 9,381    7.3 285 69.4             
11/12/2016   10.8 47.5 8,094                      
11/13/2016   9.2 51.4 9,947        59.2             










Table B.2 (Continued) 
 Two-Zone Reactor Influent Two-Zone Reactor – Zone One 
Date Mg TP sol. TP OP TSS VSS pH ORP VFA TKN NOX Mg TP sol. TP OP 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)   (mV) mg/L-Hac (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
10/20/2016   227.0 7.4 7.3 32,480 24,685 7.2           623.5     
10/21/2016         35,120 29,501 6.8           798.6     
10/22/2016   265.0     27,080 21,935 7.0           610.4     
10/23/2016         35,110 27,386 7.0 -168               
10/24/2016 21.0 167.0 37.4 8.0 38,000 26,980 7.0           721.8     
10/25/2016 20.2 171.0 36.7 8.7 23,580 18,864 6.6 -195 26.5     24.2       
10/26/2016 19.8       41,220 33,388 6.8           814.1 23.1 21.4 
10/27/2016   199.0 25.9 9.3 40,580 12,000 7.2 -165               
10/28/2016 23.1 225.6     35,120 25,638 6.9   25.7     21.6 876.3 32.1 27.7 
10/29/2016   236.0     34,880 25,462 6.9 -175             30.8 
10/30/2016         26,780 21,424 6.6 -127         745.6     
10/31/2016   245.0 69.0 11.0 28,840 22,784 6.9             49.1 44.2 
11/1/2016 37.2 196.0     35,820 27,940 6.9 -137 29.7 526.7 0.2 31.3 660.0     
11/2/2016 26.2 194.0 21.2 10.1 37,360 29,514 7.2   32.8     27.8   36.8 32.3 
11/3/2016 23.4 197.0 14.3 9.1 41,050 29,556 7.1 -185 30.1     23.8 943.4 42.0 35.9 
11/4/2016   248.0 59.9 11.3 40,550 30,413       662.0 0.4         
11/5/2016   177.0     43,500 30,450     39.9     28.5   27.2 28.0 
11/6/2016   182.0     40,000 29,200             834.0 37.1 36.7 
11/7/2016 24.1 187.0 20.4   42,840 30,416 7.6 -193 28.9   0.0 15.2   26.6 25.6 
11/8/2016   204.0 32.8 8.3 25,130 19,350               24.3 21.9 
11/9/2016 21.4 202.0 22.3 7.7 39,520 30,826 7.0 -201 34.6     24.0 841.4     
11/10/2016 21.9 249.0 27.1 9.0 42,250 30,843 7.3             43.8 38.1 
11/11/2016   214.0   9.6 41,250 31,350 7.2 -219           39.7 38.2 
11/12/2016         37,420 27,691             687.5     
11/13/2016         38,450 31,145             861.0     










Table B.2 (Continued) 
 Two-Zone Reactor – Waste Sludge Two-Zone Reactor – Zone Two 
Date TSS VSS TKN NOX Mg TP sol. TP OP TSS VSS pH ORP TKN NH3 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)   (mV) (mg/L) (mg/L) 
10/20/2016 13,970         336.1     28,240 15,930 7.2       
10/21/2016 12,300 10,300       314.5     27,630 10,980 6.6       
10/22/2016 17,590         289.0     25,250 13,790 7.0       
10/23/2016 10,000               15,000 10,500 6.9 -200.0     
10/24/2016 13,880 5,380       187.0     20,820 16,660 6.2       
10/25/2016 520 420     25.4       5,930 4,680 6.7 -200.0     
10/26/2016 9,900         167.0 20.0 59.5 14,850 10,990 6.6       
10/27/2016 9,900 8,080             16,590 13,270 6.6 -210.0     
10/28/2016 8,990       22.7 229.0 56.0 58.5 13,620 11,300 6.6       
10/29/2016 9,910             58.7 12,390 10,410 6.9 -180.0   39.9 
10/30/2016 11,880         234.0     14,850 11,430 6.6 -150.0     
10/31/2016 11,650           77.0 64.5 20,080 16,670 7.2       
11/1/2016 6,900 3,300 552.1 0.6 31.3 210.0     20,510 14,970 6.8 -140.0 552.1 40.5 
11/2/2016 8,000           25.0 49.8 12,000 10,080   -260.0   27.1 
11/3/2016 9,100 7,500     30.1 184.0 38.0 56.2 16,650 12,990 7.1 -271.0     
11/4/2016 10,090   486.7 1.5         21,580 15,970   -250.0 529.0 22.9 
11/5/2016 1,400 966           52.6 19,000 12,920   -242.0     
11/6/2016 10,020         196.4 59.0 58.4 20,000 13,800   -248.0     
11/7/2016 7,010       18.2     43.0 24,250 19,400 7.5 -261.0   21.8 
11/8/2016 8,740 6,580         37.0 46.9 20,000 15,800         
11/9/2016 8,040       34.6 217.5     20,000 15,400 7.0 -254.0     
11/10/2016 6,050 5,820         64.0 60.9 22,450 18,180 7.3       
11/11/2016 6,020           72.0 71.8 29,630 23,110 7.3 -271.0   14.8 
11/12/2016 7,820 6,810       225.7     25,870 18,110         
11/13/2016 9,770               27,690 22,150         






Table B.2 (Continued) 
 Two-Zone Reactor – Zone Two Two-Zone Reactor – Effluent 
Date NOX VFA Mg TP sol. TP OP TSS VSS pH  VFA ORP 
  (mg/L) mg/L-Hac (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)   mg/L-Hac (mV) 
10/20/2016       647.0     85 64       
10/21/2016       623.0     340         
10/22/2016       421.0     280         
10/23/2016             400       -164.0 
10/24/2016       284.0     460 350       
10/25/2016 0.0 31.3 28.2       6,600 5,300 6.8   -170.0 
10/26/2016       269.0 63.1 59.5 1,000         
10/27/2016             4,000 3,300 6.7 49.6 -186.9 
10/28/2016 0.0 26.9 25.5 337.0 64.7 61.6 4,200         
10/29/2016         54.6 58.1 3,980 3,300 6.9 43.2 -151.2 
10/30/2016       312.0     3,340       -145.5 
10/31/2016         62.4 70.1 3,450 2,980 7.0     
11/1/2016 0.1 37.1 34.0 451.4     8,100 6,900   25.8 -116.2 
11/2/2016   39.2 38.5   43.1 51.3 6,010 5,139     -244.4 
11/3/2016   35.6 31.4 380.4 63.4 59.8 11,000 9,000 7.1   -260.2 
11/4/2016 1.5           7,150     112.0 -207.5 
11/5/2016   46.2 38.3   47.7 49.2 9,000 7,470     -208.1 
11/6/2016       442.0 53.9 57.3 8,000       -238.1 
11/7/2016 0.1 36.1 34.2     40.6 14,750 12,300 7.3 89.0 -237.5 
11/8/2016         42.0 43.8 5,500     87.1   
11/9/2016   35.3 34.3 442.0     6,000 3,900 6.9   -238.8 
11/10/2016         54.1 61.5 13,450         
11/11/2016     40.6   68.5 65.9 7,210 5,700   132.1 -230.4 
11/12/2016 0.0     634.0     6,850         
11/13/2016             5,480 4,600       










Table B.2 (Continued) 
 Two-Zone Reactor - Effluent 
Date TKN sol. TKN NH3 sol. NH3 NOX sol. NOX Mg TP sol. TP OP 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
10/20/2016               50.1 46.1 46.3 
10/21/2016                     
10/22/2016                     
10/23/2016                     
10/24/2016               78.2 56.5 75.0 
10/25/2016             31.0 188.0 67.5 56.6 
10/26/2016               133.9 60.8 59.5 
10/27/2016               131.1 59.6 58.3 
10/28/2016             28.0 164.0 60.1 59.2 
10/29/2016     46.8 45.9           80.7 
10/30/2016                     
10/31/2016               175.0 80.1 75.4 
11/1/2016 536.0 59.8 44.5 40.1 0.4 0.0 34.0 204.4   62.8 
11/2/2016 279.0 36.1 34.6 33.4     36.3 135.0 56.7 63.3 
11/3/2016             33.0 251.6 56.5 59.8 
11/4/2016 575.0 33.2 25.4 23.4 1.5 0.0   219.0 59.3 58.7 
11/5/2016             43.2     51.8 
11/6/2016                   52.1 
11/7/2016 947.0 32.5 26.4 25.6   0.0 38.4 347.0 51.2 50.8 
11/8/2016               162.3 61.7 59.2 
11/9/2016           0.0 33.3 141.0 49.9 69.4 
11/10/2016               348.0 86.5 84.2 
11/11/2016 519.5   18.5 17.2     41.5 221.2 73.1 72.4 
11/12/2016                     
11/13/2016                     










Table B.2 (Continued) 
  Retention Retention  Two-Zone Reactor Influent 
Date Temp. Time Time TSS VSS pH ORP VFA TKN sol. TKN NH3 sol. NH3 NOX S. NOX 
  (Deg C) (HR) (HR) (mg/L) (mg/L)   (mV) mg/L-Hac (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
11/15/2016 23.3 6.1 45.0 10,200  8,200  7.4 225 85.9             
11/16/2016 23.9 6.0 19.8 9,000  7,300  7.0 255 69.1 633 13.7 2.5 1.6 16.8 <0.40 
11/17/2016 24.4 6.1 18.9 10,689                      
11/18/2016   6.2 17.6 11,034    6.7 304 74.5         15.8   
11/19/2016   6.2 17.7 10,576                      
11/20/2016 23.3 6.1 18.0 10,913  7,900  6.9 215               
11/21/2016 24.4 6.2 18.7 11,363    7.4 241   652 12.8 3.8 1.4 15.2 ND 
11/22/2016 22.2 6.2 17.9 8,992    7.2 236               
11/23/2016   17.7 36.4 6,844  4,859      95.3             
11/24/2016 23.9 18.4 39.9 7,822                      
11/25/2016 23.9 17.9 37.5 7,089                  18.2   
11/26/2016 22.8 18.3 39.5 8,336        101.3             
11/27/2016 23.9 18.3 35.7 9,044                      
11/28/2016 21.7 18.2 38.5 8,800  7,040  7.3 210 86.7 529 9.7 3.7 1.7 15.9 ND 
11/29/2016 24.4 18.4 37.6 9,500                      
11/30/2016 24.4 18.2 36.8 11,333    7.1 200 78.3             
12/1/2016 23.3 18.9 35.8 11,689  7,460  7.5 198   588 16.8 4.7 1.6 14.9 0.1 
12/2/2016 22.8 23.1 54.1 8,800  7,500                    
12/3/2016 24.4 23.5 54.8 8,800  8,500  7.2                 
12/4/2016 24.4 23.9 56.0 10,267    7.1 202 96.0 594 14.7 4.2 1.3 13.4 ND 
12/5/2016 22.2 23.0 56.9 11,611  8,200  7.3                 
12/6/2017 23.9 23.9 57.6 10,882        81.2             
12/7/2017 23.9 23.4 56.1 10,820    7.1 186               
12/8/2017 22.8 23.8 55.5 10,820          624 17.3 3.7 1.2 14.8 ND 
12/9/2017 20.0 23.1 52.5 9,075    7.0 191 74.6             










Table B.2 (Continued) 
 Two-Zone Reactor Influent Two-Zone Reactor – Zone One 
Date Mg TP sol. TP OP TSS VSS pH ORP VFA TKN NOX Mg TP sol. TP OP 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)   (mV) mg/L-Hac (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
11/15/2016   197.2   7.9 25,000 20,000 7.3 -221         324.1     
11/16/2016 29.2 267.0   12.8 26,010 13,240 6.9 -229 30.1 597.8 0.0 33.2   32.7 32.1 
11/17/2016   273.0 31.2 12.9 22,510 16,207                   
11/18/2016   263.0   12.1 24,990 19,492 6.7 -278       34.2 412.5 17.2 17.7 
11/19/2016         23,400 18,954         2.4   545.0     
11/20/2016   266.0   12.1 21,560 16,170 6.8 -260           39.6 36.3 
11/21/2016 26.6 257.0 24.9 11.1 20,070 12,860 7.3 -251 30.9     24.1   25.7 26.0 
11/22/2016         21,120 15,629             689.4     
11/23/2016 31.8 174.0   9.2 21,890 15,323 7.3 -248 30.1     35.3   30.6 25.9 
11/24/2016         20,360 14,659 7.2                 
11/25/2016         21,820 15,274 7.2 -246               
11/26/2016         21,010 15,547 6.7 -268               
11/27/2016       9.2 20,800 14,768 7.1                 
11/28/2016 26.7 176.0 22.6 10.8 20,000 14,600 6.7 -193 31.5 533.8 0.2 38.4   26.1 24.4 
11/29/2016   275.5 21.8 10.7 20,000 16,200 7.1           437.5 34.2 31.1 
11/30/2016   316.0   9.4 20,580 15,641 7.1 -285               
12/1/2016 23.4 309.0 29.4 10.2 19,020 15,026 7.2   37.9     27.1   60.1 61.3 
12/2/2016   184.8 15.2 9.7 36,440 25,144 6.6 -286         764.2 45.7 40.4 
12/3/2016   215.6 19.8 12.6 34,560 24,883 7.4     611.1 0.0   645.7 31.9 31.6 
12/4/2016 30.5 232.3 22.8 7.3 36,440 25,144 6.9 -239 35.2     39.0   46.8 45.0 
12/5/2016         38,690 28,244 6.7                 
12/6/2017   296.0   8.8 36,440 25,508 7.0 -249   562.7 0.0   809.1 65.5 58.5 
12/7/2017         40,020 30,815 6.9                 
12/8/2017 24.1 288.0   7.9 39,820 29,865 7.0 -248 25.2 638.8 0.0 24.5   39.0 39.4 
12/9/2017         36,440 28,059 6.6                 










Table B.2 (Continued) 
 Two-Zone Reactor – Waste Sludge Two-Zone Reactor – Zone Two 
Date TSS VSS TKN NOX Mg TP sol. TP OP TSS VSS pH ORP TKN NH3 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)   (mV) (mg/L) (mg/L) 
11/15/2016 12,540 1,200             12,890 9,670 7.3 -283.0     
11/16/2016 16,050           36.0 54.6 26,850 20,140 6.9 -274.0   9.4 
11/17/2016 7,010 11,540             25,410 17,280         
11/18/2016 8,740       41.2 297.0 21.0 37.4 19,870 15,500 6.6 -285.0     
11/19/2016 8,040         286.0     18,700 14,590       21.1 
11/20/2016 6,050           62.0 63.5 17,040 13,970 6.8 -231.0     
11/21/2016 6,020 12,080           57.6 16,260 11,380 7.3 -246.0   34.2 
11/22/2016 7,820         260.8     19,620 15,890 6.6       
11/23/2016 9,770 16,930     34.0   58.0 54.5 18,590 13,200 7.1 -267.0     
11/24/2016                 20,360 15,070 7.1     35.4 
11/25/2016                 19,830 16,460 6.7 -267.0     
11/26/2016                 20,150 15,110 6.8 -296.0     
11/27/2016 14,250               16,980 14,090 6.7       
11/28/2016 13,000 18,690 847.7 0.0 34.1   26.0 59.2 18,000 13,860 7.1 -247.0 763.7 26.1 
11/29/2016 13,000         284.8 38.0 82.7 16,980 14,260 7.2       
11/30/2016 13,410 15,560             16,580 12,440 6.7 -297.0     
12/1/2016 13,840           93.0 82.0 15,670 11,440 6.8       
12/2/2016 18,950 15,100       387.0 27.0 54.6 34,520 24,850 6.6 -314.0     
12/3/2016 19,630   742.0 0.0   415.0   53.8 33,520 27,490 6.7   772.9 24.3 
12/4/2016 18,950 15,070     43.3     76.5 34,520 28,650 6.5 -316.0     
12/5/2016 18,420               35,200 24,640 6.7       
12/6/2017 17,520 14,020 738.7 0.1   402.0 79.0 95.2 34,520 25,540 7.2 -290.0 677.7 25.8 
12/7/2017 22,990               34,520 26,240 6.7       
12/8/2017 20,130 16,130 763.6 0.0     106.0 94.5 32,470 25,330 7.0 -260.0 694.2 29.6 
12/9/2017 18,950               34,520 25,540 6.4       






Table B.2 (Continued) 
 Two-Zone Reactor – Zone Two Two-Zone Reactor – Effluent 
Date NOX VFA Mg TP sol. TP OP TSS VSS pH  VFA ORP 
  (mg/L) mg/L-Hac (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)   mg/L-Hac (mV) 
11/15/2016       242.0     4,600 3,600 7.3 51.5 -240.6 
11/16/2016   36.7 44.5   45.6 50.1 6,500 10,000 6.9 63.8 -249.3 
11/17/2016             6,500 5,590       
11/18/2016 0.0   40.8 536.0 45.2 41.1 5,870   6.5 59.1 -290.7 
11/19/2016       523.0     5,870 4,637       
11/20/2016         68.4 60.5 6,870   6.8   -217.1 
11/21/2016 0.0 35.0 30.7   63.3 63.3 5,980   6.9 46.5 -243.5 
11/22/2016       502.0     6,680 5,344       
11/23/2016   36.8 31.8   59.0 56.2 9,850     68.2 -227.0 
11/24/2016 0.1           9,110 7,290       
11/25/2016             8,760 7,010     -229.6 
11/26/2016 0.0           7,620 6,700     -257.5 
11/27/2016             7,430 6,000       
11/28/2016 0.0 33.7 37.9 196.9 63.2 58.0 7,000   6.6 77.2 -244.5 
11/29/2016       381.0 87.6 81.9 7,030 5,600       
11/30/2016             6,890 5,510 6.6 114.2 -285.1 
12/1/2016   39.0 27.2 209.7 79.3 90.1 6,710         
12/2/2016       708.0 52.3 59.4 13,580 10,860     -270.0 
12/3/2016 0.0     701.0   58.5 12,590 10,070 6.7     
12/4/2016   37.6 43.7   72.0 75.0 13,480 10,860   116.4 -290.7 
12/5/2016             13,680 10,700       
12/6/2017 0.1     732.0 79.2 94.3 13,200 10,900 6.5 95.4 -240.7 
12/7/2017             12,500         
12/8/2017 0.0 30.1 25.8   104.3 98.4 12,750 10,890 6.9 110.5 -226.2 
12/9/2017             14,270 11,420   124.6   










Table B.2 (Continued) 
 Two-Zone Reactor - Effluent 
Date TKN sol. TKN NH3 sol. NH3 NOX sol. NOX Mg TP sol. TP OP 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
11/15/2016               240.2   48.8 
11/16/2016 1020.0 22.4 11.6 10.9 0.0 0.0 41.2 291.0 67.6 65.9 
11/17/2016 473.4                 46.1 
11/18/2016           0.0 38.1 196.4 61.0 57.1 
11/19/2016 402.8   24.2 25.1             
11/20/2016               218.9 75.0 70.4 
11/21/2016 658.0 44.7   40.7   0.0 33.7 180.4 62.1 58.6 
11/22/2016                     
11/23/2016 631.4         0.0 35.7     56.8 
11/24/2016     45.3 44.3             
11/25/2016                     
11/26/2016                     
11/27/2016                     
11/28/2016 741.5 53.0 27.3 26.4 0.0 0.0 37.9 186.7 69.4 67.4 
11/29/2016     36.7         204.5 103.4 98.7 
11/30/2016 713.5 29.7               103.1 
12/1/2016             39.4 197.4 102.3 101.2 
12/2/2016                   71.6 
12/3/2016 765.2 42.5 31.2 30.0 0.1 0.0       81.2 
12/4/2016             40.9 314.2 87.4 86.2 
12/5/2016                     
12/6/2017 684.5 42.8 25.2 25.3 0.0 0.0 45.2 317.4 113.4 112.3 
12/7/2017                     
12/8/2017 746.5 51.0 35.1 30.2 0.0 0.0 28.4 328.5 95.4 94.4 
12/9/2017                     






Table B.3 Three-Zone Bench Reactor Data  
  Retention Retention  Three-Zone Reactor Influent 
Date Temp. Time Time TSS VSS pH ORP VFA TKN sol. TKN NH3 sol. NH3 NOX 
  (Deg C) (HR) (HR) (mg/L) (mg/L)   (mV) mg/L-Hac (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
2/27/2017 20.0 10.6 25.3 15,570        68.4           
2/28/2017 22.2 12.2 27.0 15,390  11,390                  
3/1/2017 20.0 12.1 16.7 14,569  11,360      74.5           
3/2/2017 22.8 12.4 21.3 14,327  10,460  6.9 25             
3/3/2017 21.1 11.7 23.2 12,746  9,300    109 96.4 634 22.8 1.4 1.3 14.9 
3/4/2017 21.7 11.6 27.1 14,802  11,840    127             
3/5/2017 20.6 12.4 23.8 14,194  10,500  7.0 107 95.1           
3/6/2017 22.8 12.6 25.6 13,506  10,530    168   576 26.4     13.5 
3/7/2017 20.6 12.9 23.3 13,569  10,040  6.9 -114 86.6     1.0 0.4   
3/8/2017 23.3 12.7 24.7 13,939  11,150                  
3/9/2017 21.1 14.5 35.0 13,521  10,820  7.1 196 59.0           
3/10/2017 20.6 12.6 36.2 15,476  12,690                  
3/11/2017 20.0 11.7 35.3 14,475  11,000  7.0 212 74.0 561 21.9 2.7 1.2 18.9 
3/12/2017 19.4 11.8 37.6 12,766  10,340                  
3/13/2017 20.0 12.8 34.6 11,263  9,240    157 88.3 645   1.9   17.3 
3/14/2017 20.6 12.7 35.6 10,850  8,350  7.2 206             
3/15/2017   12.5 36.1 10,699  8,350    168 64.1           
3/16/2017 20.0 17.7 36.8 8,612  6,800  7.1 89       3.5 1.7 14.2 
3/17/2017 18.9 16.7 38.8 13,339  10,540    93 54.8 694         
3/18/2017 18.9 18.5 35.6 12,150  9,960  7.0 179             
3/19/2017 21.1 17.6 38.7 12,833  9,750    141 55.1           
3/20/2017 18.3 17.8 35.5 14,080  10,980  6.9 140       2.2 2.0 14.2 
3/21/2017 18.3 18.1 36.5 13,912  10,710    164             
3/22/2017   17.8 36.9 13,650  11,060  7.4 185 91.0 602 24.3 3.1 1.6 16.8 
3/23/2017 20.6 17.4 36.7 13,125  10,240    135             
3/24/2017 21.1 17.4 37.2 13,000  10,010  7.2   92.0           
5/1/2017   12.7 25.7 9,500  7,000  6.8               
5/2/2017 18.9 12.8 23.4     7.4     512 9.2 2.2 1.0 16.4 
5/3/2017 17.8 12.3 24.6     7.3               
5/4/2017 20.0 12.0 24.6 12,400  9,000  6.6   68.0           
5/5/2017 16.7 12.3 24.7 12,600  9,400  6.7 -47   419 14.5 1.4 0.6 14.5 







Table B.3 (Continued) 
 Two-Zone Reactor Influent Two-Zone Reactor – Zone One 
Date Mg TP sol. TP OP TSS VSS pH ORP VFA TKN NOX Mg TP sol. TP OP 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)   (mV) mg/L-Hac (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
2/27/2017 30.5 201.7     15,890 12,080 6.7                 
2/28/2017   166.4     18,950 14,970 7.3 -275 30.7       442.9 36.3 33.3 
3/1/2017         32,000 6,400 6.7 -253               
3/2/2017 31.8 190.0 14.0 3.5 32,580 26,060 7.4 -162 30.9     34.4 768.2 19.5 19.5 
3/3/2017         34,870 27,900 6.7 -264               
3/4/2017   187.6 13.4 3.9 38,470 29,620 7.1 -197               
3/5/2017   197.1   4.4     7.3 -181           29.4 27.5 
3/6/2017   157.5     41,500 34,072   -191         967.2 27.1 27.9 
3/7/2017 24.5 253.6 8.6 3.8 38,540 30,830 7.0 -286 29.2 617.6 0.4 27.6       
3/8/2017   276.0   17.2 31,070 25,170   -187         578.3 24.4 22.4 
3/9/2017 26.8 162.4   49.5 34,520 27,270 6.9 -162 27.5     27.2       
3/10/2017   252.0 23.1   44,870 35,900 6.8 -264         976.9 49.5 43.8 
3/11/2017 34.6 243.0     39,860 29,900 6.7 -258   568.3 0.0 41.2 805.8 55.0 47.0 
3/12/2017   305.0 27.6   39,510 32,000 6.6 -172               
3/13/2017 31.8 167.9 10.5 12.4 41,280 30,550 7.2 -267 36.6   0.0 35.6 788.9 32.8 29.0 
3/14/2017   128.1     41,290 31,790 7.2 -234               
3/15/2017   243.6     42,170 32,890 6.7 -230               
3/16/2017 22.7 211.4 27.5 5.9 39,830 32,260 6.7 -205 26.4     30.0 728.9 28.4 27.8 
3/17/2017       4.2 36,780 29,060 7.3 -188   639.8 0.1         
3/18/2017 29.4       36,220 26,800 7.4 -276 30.2     30.2       
3/19/2017   287.0 27.2 7.1 39,510 30,420 6.6 -283         824.4 38.6 35.7 
3/20/2017 24.2 318.9   6.8 41,280 33,020 7.3 -248       29.3 885.4 53.7 53.2 
3/21/2017       4.9 38,500 30,800 6.8 -236               
3/22/2017 24.6 301.5 34.6 9.1 39,640 30,920 7.3 -227 36.4 575.5 0.0 20.1 793.2 42.3 42.7 
3/23/2017       5.2 34,560 27,300 6.8 -283               
3/24/2017 33.7 311.2     33,710 25,620 7.2 -181 38.1     36.0 725.2 38.2 37.8 
5/1/2017   214.2     10,580 8,040 7.1                 
5/2/2017         12,270 9,330 6.8 -248   523.1 0.0   281.6     
5/3/2017 33.9     5.6 18,120 14,310 6.9 -230               
5/4/2017         19,850 16,080 7.1   24.9       452.5     
5/5/2017 43.6 276.0   14.0 28,000 22,400 6.7 -298   385.6 0.2   592.7 56.5 49.1 







Table B.3 (Continued) 
 Two-Zone Reactor – Waste Sludge Two-Zone Reactor – Zone Two 
Date TSS VSS TKN NOX Mg TP sol. TP OP TSS VSS pH ORP TKN NH3 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)   (mV) (mg/L) (mg/L) 
2/27/2017 8,540               9,540           
2/28/2017 11,590         349.2   49.0 8,560 7,320 6.6 -229.0     
3/1/2017 23,000 4,500             12,230   6.2 -211.0     
3/2/2017 22,870 18,070     34.8 373.0 32.0 25.0 21,000 16,840 6.7 -227.0     
3/3/2017 24,690   926.6 0.3         22,870   6.7 -241.0 850.1 30.2 
3/4/2017 22,190 16,200             23,450 19,850 7.0 -234.0     
3/5/2017 25,630             50.5 24,630   6.9       
3/6/2017 22,350 17,000             29,420 12,000   -257.0     
3/7/2017 21,710     0.0   356.0     14,600   6.9 -260.0   25.8 
3/8/2017 21,000 17,000           37.5 16,520 13,550         
3/9/2017 24,560       35.1 184.7 35.1   28,410   6.4 -276.0     
3/10/2017 28,960 23,170           82.5 33,580 26,864 6.9 -243.0     
3/11/2017 24,710   702.2 0.0   446.4   91.5 42,590 34,072 6.5 -254.0 675.2 30.4 
3/12/2017 22,940 18,350             36,580 29,264 6.4 -248.0     
3/13/2017 23,850   685.2 0.1 36.9 198.2 36.9 63.1 36,890 29,512 6.9 -258.0 721.3 36.9 
3/14/2017 24,880 19,160             39,870 30,520 6.4 -287.0     
3/15/2017 25,480 19,620             37,450   7.6 -282.0     
3/16/2017 23,570   573.6 0.0 31.1 247.4 31.1 48.9 38,990 31,000 6.6 -225.0 585.3 19.5 
3/17/2017 20,940   853.1 0.0         35,870 28,690 7.1 -234.0 907.6 24.7 
3/18/2017 22,470 17,080       249.6     34,120 25,410 7.2 -224.0     
3/19/2017 20,450             86.1 33,440 26,890 7.0 -263.0     
3/20/2017 22,850 18,280     41.2 385.5 41.2 81.4 29,640   7.1 -246.0     
3/21/2017 21,520               29,630   6.7 -243.0     
3/22/2017 20,180   1035.0 0.1   313.4   68.5 32,725 26,540 7.2 -224.0 924.1 21.5 
3/23/2017 21,100               33,694 26,950 6.6 -282.0     
3/24/2017 18,470 13,480     47.2 307.6 47.2 81.5 32,832   6.7 -263.0     
5/1/2017 8,740         227.2     8,960         25.4 
5/2/2017 10,250 7,585             9,870 7,700 6.9     14.9 
5/3/2017 12,024               15,221 11,870 6.6       
5/4/2017 13,486               15,682 15,240 6.7       
5/5/2017 22,680 19,278       314.2   85.0 25,200 19,150 6.8 -247.0   22.4 






Table B.3 (Continued) 
 Two-Zone Reactor – Zone Two Two-Zone Reactor – Effluent 
Date NOX VFA Mg TP sol. TP OP TSS VSS pH  VFA ORP 
  (mg/L) mg/L-Hac (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)   mg/L-Hac (mV) 
2/27/2017             43 32   85.6   
2/28/2017   34.8   210.0 57.2 55.5 112       -215.3 
3/1/2017             93 30   98.7 -173.0 
3/2/2017   34.0 30.8 460.0 36.8 43.3 72 51 6.7   -224.7 
3/3/2017 0.2           238     124.0 -216.9 
3/4/2017             142 115     -215.3 
3/5/2017       550.0 49.5 50.0 181     119.2   
3/6/2017       550.0 50.9 53.6 312     121.0 -257.0 
3/7/2017 0.0 31.2 26.7       217 158 6.9 87.6 -236.6 
3/8/2017       350.0 46.9 53.3 220 160       
3/9/2017   31.2 35.8       369   6.9 141.0 -226.3 
3/10/2017       660.0 90.1 84.2 412       -238.1 
3/11/2017 0.0   37.0 860.0 80.4 85.5 178 143 6.7 152.0 -238.8 
3/12/2017             454       -250.5 
3/13/2017 0.1 37.3 39.3 750.0 52.1 57.9 1,690 1,225   480.0 -229.6 
3/14/2017             690   6.9   -266.9 
3/15/2017             485     103.5 -251.0 
3/16/2017 0.0 29.9 31.4 750.0 48.4 55.6 218 163 6.6   -225.0 
3/17/2017 0.0           223     93.5 -208.3 
3/18/2017   34.6 38.4       178 126 6.8   -228.5 
3/19/2017       680.0 90.9 81.2 245     76.9 -215.7 
3/20/2017     30.1 650.0 74.0 83.1 336 235 6.7   -241.1 
3/21/2017             209       -228.4 
3/22/2017 0.1 38.2 36.0 710.0 59.0 67.8 185 142 7.1 128.5 -217.3 
3/23/2017             142       -282.0 
3/24/2017   45.5 47.2 610.0 85.5 80.7 197 154 7.0 108.0 -257.7 
5/1/2017       230.0 37.7 37.3 24 18       
5/2/2017             67 51 6.4     
5/3/2017             62 49 7.0     
5/4/2017   30.4   320.0     265 201 6.9 86.5   
5/5/2017       540.0 75.4 87.7 84 66 7.0   -202.5 







Table B.3 (Continued) 
 Two-Zone Reactor - Effluent 
Date TKN sol. TKN NH3 sol. NH3 NOX sol. NOX Mg TP sol. TP OP 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
2/27/2017                   56.8 
2/28/2017             39.1     51.4 
3/1/2017                     
3/2/2017             31.8 29.2 28.0 39.7 
3/3/2017 759.0 38.0 29.5 29.0 0.2           
3/4/2017             33.2     54.5 
3/5/2017             35.4     51.0 
3/6/2017 642.5 35.7               36.2 
3/7/2017     26.0 28.1 0.0 0.0 30.3 32.0 25.4 54.0 
3/8/2017               48.5   62.0 
3/9/2017             32.5 36.9   45.2 
3/10/2017                   85.9 
3/11/2017 726.0 42.7 31.2 28.4 0.0 0.0 39.4 50.0   81.4 
3/12/2017                   105.0 
3/13/2017 736.0 33.5 36.5 29.8 0.0 0.0 40.5 87.5 70.2 64.3 
3/14/2017             29.3   28.6 35.6 
3/15/2017                   79.4 
3/16/2017 597.2 31.4 17.5 23.4 0.0 0.0 29.3 45.2   64.7 
3/17/2017 965.5 64.4 25.7 24.5 0.0 0.0         
3/18/2017             38.4 86.4     
3/19/2017                   90.2 
3/20/2017             39.2 75.4 91.2 88.4 
3/21/2017                   84.6 
3/22/2017 825.1 63.5 19.6 27.4 0.1 0.0 36.7 84.2 96.4 94.2 
3/23/2017   0.0               97.1 
3/24/2017             42.1 78.5 91.1 87.7 
5/1/2017     0.0 0.0     50.0 88.0 60.2 60.2 
5/2/2017 654.2 46.7 22.6 20.8 0.0 0.0   84.2     
5/3/2017                     
5/4/2017             33.0 94.2     
5/5/2017 851.2 60.8 23.0 22.1 0.0 0.0     71.1 79.0 






Table B.3 (Continued) 
  Retention Retention  Three-Zone Reactor Influent 
Date Temp. Time Time TSS VSS pH ORP VFA TKN sol. TKN NH3 sol. NH3 NOX 
  (Deg C) (HR) (HR) (mg/L) (mg/L)   (mV) mg/L-Hac (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
5/7/2017 20.0 10.6 25.3 15,570        68.4           
5/8/2017 22.2 12.2 27.0 15,390  11,390                  
5/9/2017 20.0 12.1 16.7 14,569  11,360      74.5           
5/10/2017 22.8 12.4 21.3 14,327  10,460  6.9 25             
5/11/2017 21.1 11.7 23.2 12,746  9,300    109 96.4 634 22.8 1.4 1.3 14.9 
5/12/2017 21.7 11.6 27.1 14,802  11,840    127             
5/13/2017 20.6 12.4 23.8 14,194  10,500  7.0 107 95.1           
5/14/2017 22.8 12.6 25.6 13,506  10,530    168   576 26.4     13.5 
5/15/2017 20.6 12.9 23.3 13,569  10,040  6.9 -114 86.6     1.0 0.4   
5/16/2017 23.3 12.7 24.7 13,939  11,150                  
5/17/2017 21.1 14.5 35.0 13,521  10,820  7.1 196 59.0           
5/18/2017 20.6 12.6 36.2 15,476  12,690                  
5/19/2017 20.0 11.7 35.3 14,475  11,000  7.0 212 74.0 561 21.9 2.7 1.2 18.9 
5/20/2017 19.4 11.8 37.6 12,766  10,340                  
5/21/2017 20.0 12.8 34.6 11,263  9,240    157 88.3 645   1.9   17.3 
5/22/2017 20.6 12.7 35.6 10,850  8,350  7.2 206             
5/23/2017   12.5 36.1 10,699  8,350    168 64.1           
5/24/2017 20.0 17.7 36.8 8,612  6,800  7.1 89       3.5 1.7 14.2 
5/25/2017 18.9 16.7 38.8 13,339  10,540    93 54.8 694         
5/26/2017 18.9 18.5 35.6 12,150  9,960  7.0 179             
5/27/2017 21.1 17.6 38.7 12,833  9,750    141 55.1           
5/28/2017 18.3 17.8 35.5 14,080  10,980  6.9 140       2.2 2.0 14.2 
5/29/2017 18.3 18.1 36.5 13,912  10,710    164             
5/30/2017   17.8 36.9 13,650  11,060  7.4 185 91.0 602 24.3 3.1 1.6 16.8 
5/31/2017 20.6 17.4 36.7 13,125  10,240    135             
6/1/2017 21.1 17.4 37.2 13,000  10,010  7.2   92.0           
6/2/2017   12.7 25.7 9,500  7,000  6.8               
6/3/2017 18.9 12.8 23.4     7.4     512 9.2 2.2 1.0 16.4 
6/4/2017 17.8 12.3 24.6     7.3               
6/5/2017 20.0 12.0 24.6 12,400  9,000  6.6   68.0           
6/6/2017 16.7 12.3 24.7 12,600  9,400  6.7 -47   419 14.5 1.4 0.6 14.5 







Table B.3 (Continued) 
 Two-Zone Reactor Influent Two-Zone Reactor – Zone One 
Date Mg TP sol. TP OP TSS VSS pH ORP VFA TKN NOX Mg TP sol. TP OP 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)   (mV) mg/L-Hac (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
5/7/2017 40.9 286.4 18.5   26,676 20,010 6.8 -237 31.2     34.5       
5/8/2017   271.2 15.3   26,154 19,090 7.1 -157   358.3 0.0   574.1 62.6 53.5 
5/9/2017       3.8 31,500 24,570 6.7 -171               
5/10/2017 44.4 480.0 55.9 6.7 26,914 21,530 6.6 -242 33.0 486.2 0.2 34.4 583.4 42.7 39.9 
5/11/2017 31.3 252.0 24.0 24.2 32,679 25,820 6.6 -172               
5/12/2017   294.0     27,081 21,660 6.7 -270 22.6       509.7 19.5 20.1 
5/13/2017 31.5 298.0   4.9 32,420 24,640 7.0 -173     0.0   678.4   26.3 
5/14/2017         28,579 18,520 6.6 -196               
5/15/2017 31.3 224.0 14.6 4.0 26,550 19,910 6.7 -253 45.4 427.1 1.3 33.8 605.3 20.3 18.0 
5/16/2017   198.0     28,125 21,090 6.9 -223         631.9 34.8 32.2 
5/17/2017 36.3       27,987 21,550   -146 35.4   0.7 40.8       
5/18/2017   279.0 19.2 1.1 28,137 20,540 6.7 -148         570.8 43.7 39.0 
5/19/2017   322.0     31,973 24,300   -203         614.5   34.8 
5/20/2017 40.8 267.0 16.4 14.9 31,863 25,170 6.7 -283               
5/21/2017   305.4     32,287 24,220 6.7   27.8 311.9 0.2   710.7 21.4 18.8 
5/22/2017   438.0   13.5 31,200 25,270 6.7 -217               
5/23/2017 32.8 244.0     32,562 25,720 6.8   43.2 220.5 0.0 37.7 603.9 40.8 36.8 
5/24/2017   590.0 56.9   31,770 23,190 6.7 -245             19.1 
5/25/2017   389.0   47.5 26,693 21,620 7.0 -204   486.8 0.3   614.1 72.1 63.8 
5/26/2017 35.1 327.1     30,009 24,010 6.7 -270               
5/27/2017   472.6   6.9 30,573 24,460 7.0 -245               
5/28/2017   328.1     29,901 23,620 6.9 -242 44.0 374.9 0.0 34.2 629.5 73.0 67.0 
5/29/2017 30.2     7.8 31,144 24,290 6.9 -284               
5/30/2017         26,545 21,500 6.6 -281               
5/31/2017   297.0 66.2 4.8 27,192 21,750 6.4 -193 36.0 307.1 0.2   618.6     
6/1/2017 39.4       31,575 25,260 7.0 -257               
6/2/2017   384.0   6.9 31,707 23,780 6.7 -175         726.2 37.4 34.6 
6/3/2017       7.9 26,394 21,380 7.1 -177               
6/4/2017   374.8     31,114 23,960 7.1 -261         592.5 56.1 57.8 
6/5/2017 33.3 358.0   5.3 32,739 25,540 6.8 -241               
6/6/2017   324.8     32,596 25,750 6.8 -191 45.4 290.9 0.0   745.1 24.5 25.3 







Table B.3 (Continued) 
 Two-Zone Reactor – Waste Sludge Two-Zone Reactor – Zone Two 
Date TSS VSS TKN NOX Mg TP sol. TP OP TSS VSS pH ORP TKN NH3 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)   (mV) (mg/L) (mg/L) 
5/7/2017 16,162 13,253     34.3 215.4     21,840 17,690 6.9 -223     
5/8/2017 20,462         271.1     23,520 18,350 6.4 -229 576.4 21.9 
5/9/2017 17,539 14,207 541.8 0.1       91.0 24,360 19,000 6.6 -234     
5/10/2017 19,244   13.0   50.1 280.0 76.6 63.6 22,120 16,810 6.6 -157 764.0 23.6 
5/11/2017 18,648   794.6 0.1         25,200 20,410 6.7 -248   23.2 
5/12/2017 22,677 18,595       318.2 40.8 35.2 25,480 19,360 7.2 -212   23.2 
5/13/2017 20,916             57.8 25,200 20,160 6.9 -248 462.2   
5/14/2017 21,134 16,907 434.5 0.0         24,292 19,190 7.0 -182     
5/15/2017 18,479       51.5 180.0 31.9 30.7 21,240 16,350 6.7 -142 359.6 12.8 
5/16/2017 21,009   341.6 0.3       85.1 25,313 20,250 6.4 -191     
5/17/2017 18,136 13,965             25,188 20,650   -125 611.2 20.5 
5/18/2017 20,563   684.5 0.7   181.0 102.7 83.5 24,479 19,090 6.7 -162 57.1   
5/19/2017 19,165 13,799           63.1 25,898 20,200   -175     
5/20/2017 21,167               28,995 22,040 6.8 -172     
5/21/2017 19,992         234.2 51.9 47.6 27,767 21,100 7.2 -144 454.8 12.6 
5/22/2017 18,420 15,657 468.4 0.9         25,584 19,700         
5/23/2017 19,016 15,403     43.9 189.3 64.5 52.9 26,050 21,100 6.8 -276 20.8 16.8 
5/24/2017 22,087             49.1 25,098 19,330   -269     
5/25/2017 18,704         363.0 145.7 151.8 24,291 19,920 6.8   585.2 17.3 
5/26/2017 22,435 17,499 561.8 1.3         25,208 19,410 7.2 -233     
5/27/2017 17,170               23,847 18,360 7.2 -282     
5/28/2017 24,489       56.6 305.5 130.6 123.2 27,210 22,040 6.7 -286 572.0 15.8 
5/29/2017 24,940   623.5 0.0         28,341 22,960 6.1 -218     
5/30/2017 19,566 14,479             21,501 16,770 6.7 -184     
5/31/2017 18,942         372.4     23,385 15,420 6.7 -285 704.5 23.6 
6/1/2017 25,573 21,226 746.8 0.1         28,733 22,700 6.6 -256     
6/2/2017 22,011         530.1 71.1 63.5 28,219 22,580 6.7 -224     
6/3/2017 21,617 16,213             23,755 20,480 7.1 -263     
6/4/2017 24,092         415.6 115.6 93.2 27,691 21,320 6.8 -232     
6/5/2017 25,929               29,465 23,280 6.9 -270     
6/6/2017 24,643         421.8 63.6 52.1 27,381 21,080 6.8 -234 311.2 9.1 






Table B.3 (Continued) 
 Two-Zone Reactor – Zone Two Two-Zone Reactor – Effluent 
Date NOX VFA Mg TP sol. TP OP TSS VSS pH  VFA ORP 
  (mg/L) mg/L-Hac (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)   mg/L-Hac (mV) 
5/7/2017   33.3 30.4       237 190 6.4 85.5 -225.2 
5/8/2017 0.1     500.0 85.9 87.7 177 133 6.6   -199.2 
5/9/2017             87 70 7.1   -203.6 
5/10/2017 0.1 36.7 33.5 450.0 95.1 90.6 132 99 6.9 135.7 -139.7 
5/11/2017             98 79 6.5   -253.0 
5/12/2017   26.1   510.0 45.0 39.5 92 72 6.6 186.0 -192.9 
5/13/2017 0.0     490.0 59.8 65.7 203 158 6.8   -220.7 
5/14/2017             201 147 6.5   -167.4 
5/15/2017 0.2 48.5 48.5 410.0 28.7 33.4 102 74 7.0   -133.5 
5/16/2017       500.0 78.5 82.6 86 66 6.6 99.0 -194.8 
5/17/2017 0.7 43.2         57 44 7.1   -118.8 
5/18/2017   285.0 50.1 450.0 84.3 79.5 61 49 7.0   -153.9 
5/19/2017       500.0 67.3 59.0 81 66 6.9   -173.3 
5/20/2017             43 35 7.1 89.5 -161.7 
5/21/2017 1.0 30.9   560.0 53.9 52.3 114 88 6.9   -139.7 
5/22/2017             83 64 6.7     
5/23/2017   48.0 44.5 490.0 51.2 55.7 500 38 6.7   -267.7 
5/24/2017           54.5 85 68 6.9 68.5 -231.3 
5/25/2017 1.2     >1225 196.7 172.5 117 87 7.0     
5/26/2017             213 160 7.0   -191.1 
5/27/2017             232 174 7.0   -284.8 
5/28/2017 0.0 46.1 48.5 590.0 135.2 133.9 256 200 6.9 78.5 -266.0 
5/29/2017             117 90 7.0   -191.8 
5/30/2017             101 75 6.8   -169.3 
5/31/2017 0.1 40.4   490.0 6.7 6.5 95 72 7.1 97.5 -270.8 
6/1/2017             149 118 6.7   -227.8 
6/2/2017       590.0 65.0 70.6 312 253 6.5   -192.6 
6/3/2017             147 115 6.9 105.5 -260.4 
6/4/2017       590.0 77.7 86.3 253 190 6.7   -218.1 
6/5/2017             53 43 6.7   -224.1 
6/6/2017 0.2 52.0   560.0 45.9 51.6 176 128 7.0   -198.9 







Table B.3 (Continued) 
 Two-Zone Reactor - Effluent 
Date TKN sol. TKN NH3 sol. NH3 NOX sol. NOX Mg TP sol. TP OP 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
5/7/2017             32.0 75.5 84.1 80.9 
5/8/2017 554.2 36.9 19.8 18.4 0.0 0.0       76.3 
5/9/2017                     
5/10/2017 694.5   23.2 23.9 0.0 0.0 36.0 53.4 138.5 133.2 
5/11/2017 495.2   17.7 17.2 0.0 0.0         
5/12/2017 884.0   24.6 21.9 0.0 0.0 29.0 480.0 73.5 68.1 
5/13/2017 502.4 29.6 15.2 13.5 0.0 0.0       73.0 
5/14/2017                     
5/15/2017 352.5 22.0 11.8 11.9 0.2 0.0 49.0 96.4 46.6 54.8 
5/16/2017             45.0     70.0 
5/17/2017 657.2 38.7 18.8 18.4 0.1 0.0 48.0 79.5     
5/18/2017                 65.1 70.0 
5/19/2017                   81.2 
5/20/2017                 71.1 68.4 
5/21/2017 425.0 26.6 11.2 10.6 0.1 0.0 30.0 87.0   79.3 
5/22/2017                   164.0 
5/23/2017 548.2 27.4 14.4 13.8 0.0 0.0 50.0 81.0 72.6 83.4 
5/24/2017                   199.7 
5/25/2017 585.2 27.9 16.3 15.5 0.0 0.0 49.0 92.0 106.6 128.4 
5/26/2017                   79.8 
5/27/2017                   155.2 
5/28/2017 544.8 27.2 14.7 14.7 0.1 0.0 49.0 92.0 110.1 113.5 
5/29/2017                     
5/30/2017                     
5/31/2017 652.3 36.2 21.7 21.9 0.0 0.0 40.0 81.0   89.7 
6/1/2017   0.0                 
6/2/2017                 101.1 105.3 
6/3/2017                     
6/4/2017                   107.9 
6/5/2017                   96.4 
6/6/2017 324.2 16.2 8.5 7.8 0.2 0.0 50.0 101.0 84.6 84.6 






Table B.3 (Continued) 
  Retention Retention  Three-Zone Reactor Influent 
Date Temp. Time Time TSS VSS pH ORP VFA TKN sol. TKN NH3 sol. NH3 NOX 
  (Deg C) (HR) (HR) (mg/L) (mg/L)   (mV) mg/L-Hac (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
6/8/2017 22.8 12.3 34.8 12,500  9,300  6.9 46             
6/9/2017 17.2 12.2 31.5 9,200  6,300  6.8 36 110.0           
6/10/2017 18.3 12.2 58.1 10,600  7,200  6.9 22   293 3.5 3.2 1.3 10.5 
6/11/2017 18.9 13.2 51.7     7.2 -24             
6/12/2017 20.6 12.4 56.7 9,800  7,000  7.3 -10 52.0           
6/13/2017 18.3 14.2 45.6 10,500  7,700  7.3 -8             
6/14/2017 21.1 14.3 43.7     7.3 -12   418 12.1 2.2 0.9 12.4 
6/15/2017 18.9 14.5 50.7 10,700  7,800  7.2 80 85.0           
6/16/2017 18.3 13.9 50.0 9,900  7,400  7.2 -25             
6/17/2017 20.0 13.5 50.3     6.7 54   302 6.9       
6/18/2017 18.9 11.7 46.9     7.1 -12 67.0           
6/19/2017 18.9 13.4 50.1 9,600  7,300  6.6 -40             
6/20/2017 18.9 13.1 48.6 7,700  5,900  6.8 -10   342 15.4 3.0 1.2 14.0 
6/21/2017 19.4 13.7 50.4 8,600    6.9 57             
6/22/2017 20.6 18.0 45.3     6.9 -5 112.0           
6/23/2017 19.4 17.9 48.0 9,500    6.8 47   374 15.0 2.3 1.0 13.0 
6/24/2017 18.9 18.7 44.6 10,200  7,800  6.6 79             
6/25/2017 20.6 18.2 45.8     6.9 -18 132.0           
6/26/2017 18.9 18.1 45.9 11,900  8,000  7.1 59             
6/27/2017 21.1 18.4 47.4 8,600    7.0 3             
6/28/2017 21.1 17.4 49.2     6.6 32 99.0 356 15.3 2.9 1.2 13.0 
6/29/2017 20.0 18.0 47.7 5,500  4,000  7.0 75             
6/30/2017 18.9 17.9 49.5 10,500  8,100  7.0 51             
7/1/2017 18.9 18.1 44.4 7,100  5,200  7.4 -41 97.0           
7/2/2017 20.6 17.9 41.2 7,400  5,600  7.4 5   297 3.3 2.9 1.3 17.2 
7/3/2017 20.0 18.4 46.9 6,000  4,800  7.2 64             
7/4/2017 20.0 18.1 49.4     6.9 -33 58.0           
7/5/2017 20.6 18.4 49.5     7.3 49             
7/6/2017 21.1 12.5 56.8 9,800  8,300  7.3 64             
7/7/2017 21.1 12.2 46.2 9,600    6.9 15 98.0 326 13.0 2.4 0.9 13.4 
7/8/2017 21.7 12.7 54.5     7.3 63             







Table B.3 (Continued) 
 Two-Zone Reactor Influent Two-Zone Reactor – Zone One 
Date Mg TP sol. TP OP TSS VSS pH ORP VFA TKN NOX Mg TP sol. TP OP 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)   (mV) mg/L-Hac (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
6/8/2017 37.6 442.0   8.1 29,551 21,570 6.8 -224         565.0 52.4 49.9 
6/9/2017   384.0   7.2 30,444 22,220 7.0 -177             56.8 
6/10/2017         32,286 25,830 6.9 -197 23.8 282.3 0.0         
6/11/2017 25.8       34,660 25,650 6.7 -282               
6/12/2017   413.8   4.7 36,880 27,660 6.7 -247         820.1    70.8 
6/13/2017   386.7     35,840 34,580 6.7 -205         737.1 44.3 41.4 
6/14/2017 24.6     6.1 34,990 27,290 6.8 -270 50.3 434.7 0.0 30.3       
6/15/2017   440.5   7.5 37,520 27,760 6.6 -299         801.4 43.2 36.9 
6/16/2017   396.4     34,120 26,610 6.5 -311         704.1   49.0 
6/17/2017 29.1     4.5 33,250 30,250 6.5 -278 28.2   0.0 32.7       
6/18/2017         34,890 26,170 6.7 -287               
6/19/2017 38.4 386.5   4.7 35,720 28,930 6.8 -304         673.6 58.5 51.8 
6/20/2017   349.6   4.4 36,580 28,530 6.5 -178   320.4 0.0 54.2       
6/21/2017 44.1 366.7 36.7   34,200 26,680 6.4 -209         720.3 75.2 70.3 
6/22/2017         30,463 22,240 7.2 -286               
6/23/2017   304.2 63.9 7.4 32,371 25,250 6.7 -189   359.9 0.0 19.5 740.3 33.0 30.0 
6/24/2017 41.7 308.6 64.8 3.9 28,039 20,470 6.8 -221         569.0 41.0 38.7 
6/25/2017         33,596 26,540 6.7 -173               
6/26/2017   479.2 47.9   35,326 26,850 7.4 -189         651.5 99.7 96.8 
6/27/2017 35.8 334.9 46.9 6.4 29,325 20,480 6.5 -172         656.6 55.3 54.2 
6/28/2017         32,801 26,570 6.9 -199 23.6 369.0 0.0 21.4       
6/29/2017   406.0 73.1 8.4 34,958 27,970 6.5 -209         675.1 100.1 90.2 
6/30/2017   370.4 70.4   33,670 26,600 6.4 -175             108.9 
7/1/2017   254.0 27.9   34,520 27,270 6.4 -192               
7/2/2017 28.0 267.9 64.3 5.1 36,980 29,580 6.8 -153 41.7 317.3 0.0 32.8       
7/3/2017   224.5 38.2   34,700 25,330 7.1 -189         700.3 11.2 11.3 
7/4/2017         33,710 25,620 6.8 -225               
7/5/2017 29.8       33,580 26,860 7.3 -223               
7/6/2017   269.7     39,861 29,100 6.7 -182         814.3 22.6 20.4 
7/7/2017 35.3 261.0 46.4 5.4 40,870 29,840 6.8 -312 24.8 318.9 0.2 31.6   31.9 29.5 
7/8/2017         39,680 32,140 6.7 -302               







Table B.3 (Continued) 
 Two-Zone Reactor – Waste Sludge Two-Zone Reactor – Zone Two 
Date TSS VSS TKN NOX Mg TP sol. TP OP TSS VSS pH ORP TKN NH3 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)   (mV) (mg/L) (mg/L) 
6/8/2017 19,462         537.3 85.0 81.7 26,300 20,510 7.4 -175     
6/9/2017 21,968 17,794           85.2 26,791 20,900 6.7 -208     
6/10/2017 20,921               29,057 22,080 6.4 -267 416.0 15.3. 
6/11/2017 22,635   457.6 0.0         25,433 20,600 6.7 -235     
6/12/2017 21,914         738.9 137.9 115.9 33,690 25,940 6.6 -228     
6/13/2017 17,231 13,440           94.7 22,378 18,350 6.8 -250     
6/14/2017 20,796       19.5       23,107 17,560 6.4 -286 118.2 6.1 
6/15/2017 20,151 14,710 113.5 0.1   806.4 121.9 115.0 24,575 19,910 6.1 -252     
6/16/2017 21,969             72.7 24,684 19,250 6.6 -240     
6/17/2017 18,658 13,247     35.9       21,950 17,340 6.6 -215 414.3   
6/18/2017 19,205   418.4 0.0         22,332 17,640 6.5 -272     
6/19/2017 19,561 15,062       813.7 110.8 104.5 23,567 22,480 6.5 -249     
6/20/2017 23,140       40.2       28,219 22,010 6.4 -289   19.6 
6/21/2017 19,979 15,184       686.1 145.8 125.7 24,666 19,490 6.9 -212     
6/22/2017 18,902               25,894 20,200 7.1 -287     
6/23/2017 19,665       27.5 336.3 72.1 67.4 26,221 20,710 7.0 -242 396.0 13.2 
6/24/2017 19,515   372.2 0.1       93.5 24,394 19,270 7.2 -258     
6/25/2017 21,498 18,058             26,541 20,170 6.8 -235     
6/26/2017 24,209         577.3 172.1 162.4 31,440 25,150 6.6 -232     
6/27/2017 18,369             100.9 25,513 20,670 7.0 -229     
6/28/2017 19,175 15,532     30.4       25,913 20,990 7.5 -227 745.5 25.4 
6/29/2017 23,418   738.0 0.0   496.4 159.8 159.8 30,413 24,330 7.0 -268     
6/30/2017 20,867             177.7 26,970 21,850 7.1 -246     
7/1/2017 24,862 18,647             30,140 24,110 7.3 -287     
7/2/2017 27,789       45.1 336.8     30,537 23,820 7.2 -232 250.3 26.8 
7/3/2017 23,176   242.8 0.0   261.2 34.2 30.8 29,820 24,450 6.7 -249     
7/4/2017 21,852 17,919             29,680 24,340 7.1 -244     
7/5/2017 19,528               30,190 23,250 6.8 -232     
7/6/2017 27,982 22,665       709.4 67.3 62.9 35,875 20,570 7.0 -226     
7/7/2017 26,200       29.3     55.8 37,560 29,670 7.0 -236 935.9 19.3 
7/8/2017 26,018   1048.2 0.0         36,520 28,850 6.4 -258     






Table B.3 (Continued) 
 Two-Zone Reactor – Zone Two Two-Zone Reactor – Effluent 
Date NOX VFA Mg TP sol. TP OP TSS VSS pH  VFA ORP 
  (mg/L) mg/L-Hac (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)   mg/L-Hac (mV) 
6/8/2017         85.1 86.0 157 118 7.0   -159.3 
6/9/2017       520.0 89.0 94.7 232 176 7.2 137.5 -181.0 
6/10/2017 0.0 26.4   580.0     399 323 7.1   -251.0 
6/11/2017             678 515 6.8   -206.8 
6/12/2017           107.3 985 788 6.7 96.5 -230.3 
6/13/2017       678.0 92.7 98.6 4,780 3,824 6.6   -235.0 
6/14/2017 0.1 51.3 41.9       3,540 2,584 6.4   -257.4 
6/15/2017         120.4 108.5 2,790 2,232 6.7 87.5 -236.9 
6/16/2017       480.0   79.0 1,190 893 6.4   -230.4 
6/17/2017 0.0 34.0 39.7 490.0     1,970 1,517 6.8   -176.3 
6/18/2017             2,390 1,769 6.7 88.6 -244.8 
6/19/2017         114.9 103.5 2,360 1,746 6.5   -219.1 
6/20/2017     51.3 869.0     2,080 1,581 6.4   -286.1 
6/21/2017       540.0 121.1 115.3 2,090 1,588 6.7   -188.7 
6/22/2017             326 245 6.7 135.5 -275.5 
6/23/2017 0.1   26.7     62.4 215 157 6.7   -220.2 
6/24/2017       510.0 106.4 107.5 890 703 7.0   -232.2 
6/25/2017       876.0     1,270 965 6.4 152.5 -232.7 
6/26/2017           164.0 987 740 6.8   -227.4 
6/27/2017       520.0 79.4 93.4 578 422 6.8   -217.6 
6/28/2017 0.0 28.5 33.0 470.0     286 217 6.6 113.8 -217.9 
6/29/2017         145.5 158.2 241 190 6.8   -268.0 
6/30/2017           167.6 266 215 6.8   -204.2 
7/1/2017       600.0     259 194 6.6 124.2 -266.9 
7/2/2017 0.0 44.5 39.1       540 432 6.6   -206.5 
7/3/2017       570.0 32.3 30.5 625 481 6.7   -254.0 
7/4/2017             340 258 6.5 87.5 -222.0 
7/5/2017             410 299 6.4   -201.8 
7/6/2017       740.0 60.5 59.9 2,630 1,920 6.4   -196.6 
7/7/2017 0.0 28.1 31.6     52.6 6,942 5,484 7.1 125.7 -233.6 
7/8/2017             5,037 3,778 6.6   -234.8 







Table B.3 (Continued) 
 Two-Zone Reactor - Effluent 
Date TKN sol. TKN NH3 sol. NH3 NOX sol. NOX Mg TP sol. TP OP 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
6/8/2017                   116.2 
6/9/2017                 106.7 108.9 
6/10/2017 452.2 22.6 13.7 14.2 0.0 0.0 29.0 77.0     
6/11/2017                     
6/12/2017                   137.5 
6/13/2017                 115.5 140.8 
6/14/2017 128.5 5.8 3.6 3.6 0.0 0.0 47.1 95.0     
6/15/2017                 140.3 144.6 
6/16/2017                   112.8 
6/17/2017 445.5 20.3 14.4 14.4 0.0 0.0 38.2 94.0     
6/18/2017                     
6/19/2017                   139.8 
6/20/2017 521.2 32.6 17.4 16.0 0.0 0.0 46.2 100.0 126.2 137.2 
6/21/2017                   138.9 
6/22/2017                     
6/23/2017 412.5 21.7 11.8 12.0 0.0 0.0 29.0 90.0 108.2 97.5 
6/24/2017                   101.4 
6/25/2017                     
6/26/2017                 159.2 159.2 
6/27/2017                   119.8 
6/28/2017 745.5 39.2 22.6 21.0 0.0 0.0 32.0 91.0     
6/29/2017                   134.1 
6/30/2017                 132.7 139.7 
7/1/2017                   74.6 
7/2/2017 255.4 15.0 8.0 6.9 0.0 0.0 42.0 102.0 111.0 105.7 
7/3/2017                 47.9 56.4 
7/4/2017                     
7/5/2017                     
7/6/2017                   89.4 
7/7/2017 985.2 61.6 26.6 26.6 0.0 0.0 29.0 98.0 67.9 64.1 
7/8/2017                     






Table B.3 (Continued) 
  Retention Retention  Three-Zone Reactor Influent 
Date Temp. Time Time TSS VSS pH ORP VFA TKN sol. TKN NH3 sol. NH3 NOX 
  (Deg C) (HR) (HR) (mg/L) (mg/L)   (mV) mg/L-Hac (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
7/10/2017 20.0 12.5 52.3 8,500  6,900  6.7 48             
7/11/2017 21.1 12.8 44.5 9,000    7.1 64 68.7 278 13.9 3.3 1.5 11.7 
7/12/2017 20.0 12.5 54.7 9,400    7.3 97   304 22.0       
7/13/2017 21.7 12.2 45.0 9,900  8,100  6.6 -34 57.0           
7/14/2017 21.7 12.2 44.7     7.3 72             
7/15/2017 21.7 12.3 45.4 10,400    7.1 -24 61.0 469 15.9 1.8 0.8 10.4 
7/16/2017 21.7 12.7 51.3 8,400    7.0 78             
7/17/2017 21.1 12.3 53.6 7,800  6,500  6.6 79 49.5           
7/18/2017 20.6 12.3 53.5 6,100  4,900  7.1 48             
7/19/2017 20.0 11.7 52.2     6.7 26             
7/20/2017 21.7 18.3 60.7     7.0 20 41.0 342 9.6 1.8 0.7 12.9 
7/21/2017 20.6 18.2 53.6 6,400    7.3 -32             
7/22/2017 20.0 17.3 56.0     6.8 64             
7/23/2017 21.7 18.2 52.7 6,900  4,400  7.4 -41 49.0           
7/24/2017 23.3 17.5 52.8 6,200  4,600  6.8 76             
7/25/2017 21.1 17.7 51.5     6.9 -32 67.0 422 11.0 1.3 0.5 15.3 
7/26/2017 21.7 17.6 52.7 7,900  5,600  6.9 84             
7/27/2017 21.1 18.2 55.3     6.9 42             
7/28/2017 21.1 17.8 53.4 8,900    7.3 37 72.0 371 5.2 3.2 1.3 13.8 
7/29/2017 21.7 18.1 55.8 9,600  7,800  7.0 -23             
7/30/2017 21.1 18.0 54.7     7.1 15 64.0           
7/31/2017 20.0 18.0 48.9 11,500  9,200  6.8 -22   370 11.5 3.0 1.3 11.1 
8/1/2017 20.0 17.7 55.2 10,600  8,300  6.8 71 107.0           










Table B.3 (Continued) 
 Two-Zone Reactor Influent Two-Zone Reactor – Zone One 
Date Mg TP sol. TP OP TSS VSS pH ORP VFA TKN NOX Mg TP sol. TP OP 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)   (mV) mg/L-Hac (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
7/10/2017   324.0     38,155 28,620 6.9 -283               
7/11/2017 25.6 274.0 23.9 9.6 41,850 33,900 6.5 -184 40.6 260.7 0.0 34.1 888.0 43.6 41.1 
7/12/2017   302.1     40,120 31,290 7.1 -216               
7/13/2017 37.1 348.2     38,271 28,320 7.1 -303         759.3 34.2 33.2 
7/14/2017     2.0   43,690 34,520 6.7 -272               
7/15/2017   297.4 38.7 8.5 41,580 31,190 6.8 -309   441.0 0.0 39.2 926.7 33.4 33.7 
7/16/2017   263.8 36.9 7.1 42,580 34,490 6.7 -223             33.2 
7/17/2017 44.5 179.0     44,620 33,470 6.6 -318         820.8 15.9 15.4 
7/18/2017   223.0 20.1 6.8 41,260 30,950 6.4 -247               
7/19/2017         40,580 30,840 6.4 -261               
7/20/2017 31.3       37,725 30,180 7.4 -319 33.0 319.3 0.1 33.5       
7/21/2017   195.0 39.0 8.9 39,447 29,980 6.6 -189         755.9 18.6 28.7 
7/22/2017 23.9       38,308 27,960 6.4 -232               
7/23/2017   267.1 56.1 11.4 37,144 29,340 6.9 -287         746.2 56.4 54.8 
7/24/2017 32.6 251.4 65.4 8.4 39,066 31,640 7.0 -185           38.9 35.7 
7/25/2017         38,709 29,810 6.4 -262 44.2 384.8 0.1 34.8       
7/26/2017 39.0 350.0 70.0 7.2 39,424 29,170 6.4 -262         814.3 26.0 35.2 
7/27/2017         38,814 28,720 7.0 -200               
7/28/2017 35.4 452.1 63.3 4.6 37,420 28,070 6.6 -284 43.5 384.8 0.0 36.5 799.4 50.5 48.6 
7/29/2017   425.1 97.8 5.6 39,702 30,570 6.9 -257         853.5 27.8 24.8 
7/30/2017 42.0       37,430 27,320 7.4 -191               
7/31/2017   504.8 45.4 7.2 37,081 27,440 6.4 -207 34.0 392.5 0.0 34.2 745.1 99.9 84.7 
8/1/2017 36.3 478.3 81.3 4.3 38,501 31,190 7.1 -206               










Table B.3 (Continued) 
 Two-Zone Reactor – Waste Sludge Two-Zone Reactor – Zone Two 
Date TSS VSS TKN NOX Mg TP sol. TP OP TSS VSS pH ORP TKN NH3 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)   (mV) (mg/L) (mg/L) 
7/10/2017 24,415 19,288             30,906 23,490 7.0 -308     
7/11/2017 27,083       54.0 1022.6 90.9 75.1 39,150 32,100 6.8 -292 24.2 14.6 
7/12/2017 27,540   320.3 0.0         34,960 23,590 7.4 -282     
7/13/2017 25,412 18,297       1300.4 90.2 85.1 37,540 30,030 7.0 -300     
7/14/2017 24,818               41,160 33,340 6.5 -304     
7/15/2017 28,383       59.4 1167.7 67.8 60.5 40,290 33,040 7.0 -306 404.2 16.8 
7/16/2017 23,591   375.9 0.0       48.0 40,360 39,980 6.5 -281     
7/17/2017 23,255 17,209       428.2 35.9 30.7 39,570 32,450 6.7 -249     
7/18/2017 26,234         629.3     40,200 32,160 6.2 -268     
7/19/2017 24,841 20,370             39,650 32,510 6.8 -287     
7/20/2017 27,867       37.1       31,312 23,800 6.4 -309 514.6 18.4 
7/21/2017 23,964 17,014 550.6 0.1   228.1 53.8 38.1 31,952 30,440 6.5 -257     
7/22/2017 27,015               31,413 24,500 6.9 -274     
7/23/2017 25,258         444.7 74.4 70.9 29,715 23,180 7.0 -287     
7/24/2017 25,616 19,468       407.6   62.3 30,862 25,310 7.6 -269     
7/25/2017 25,207     0.0 46.4       34,064 26,570 6.7 -268     
7/26/2017 26,808 22,251       493.7 82.6 77.7 31,539 30,650 6.7 -284     
7/27/2017 26,300               34,156 26,980 6.9 -270     
7/28/2017 26,901 21,521     49.8 651.5 80.5 67.1 34,052 27,580 6.7 -299 632.8 23.4 
7/29/2017 25,409   708.7 0.0   700.4   67.2 31,762 24,770 6.1 -287     
7/30/2017 26,051               29,944 23,060 7.0 -254     
7/31/2017 27,062 21,379     36.0 851.2 121.6 122.8 30,406 24,330 7.3 -298 425.4 15.9 
8/1/2017 26,196   446.7 0.0   742.1     32,341 26,200 6.9 -317     







Table B.3 (Continued) 
 Two-Zone Reactor – Zone Two Two-Zone Reactor – Effluent 
Date NOX VFA Mg TP sol. TP OP TSS VSS pH  VFA ORP 
  (mg/L) mg/L-Hac (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)   mg/L-Hac (mV) 
7/10/2017             3,569 2,855 6.6   -295.7 
7/11/2017 0.0 49.1 44.3 318.0 82.9 79.1 8,148 6,111 6.8 135.8 -245.3 
7/12/2017       630.0     3,068 2,454 6.8   -282.0 
7/13/2017       700.0 80.6 89.6 9,278 7,051 6.4 96.1 -297.0 
7/14/2017             9,451 7,372 6.8   -294.9 
7/15/2017 0.0   60.4 710.0 77.7 68.8 9,330 7,277 6.9 85.4 -269.3 
7/16/2017           51.1 7,294 5,471 6.6   -261.3 
7/17/2017       740.0 31.9 30.7 5,311 3,930 6.7 78.1 -239.0 
7/18/2017             4,783 3,874 6.5   -254.6 
7/19/2017             5,772 4,271 6.6   -238.2 
7/20/2017 0.0 74.5 38.2 600.0     852 690 6.9 114.2 -275.0 
7/21/2017       620.0 36.7 46.1 1,177 883 6.6   -228.7 
7/22/2017             2,611 1,932 6.8   -254.8 
7/23/2017         75.0 80.6 4,107 3,162 6.7 119.5 -238.2 
7/24/2017 0.0     580.0 72.1 181.0 4,444 3,511 6.8   -220.6 
7/25/2017   45.1 43.2       1,395 1,018 6.8 135.2 -260.0 
7/26/2017       690.0 61.9 74.3 1,800 1,422 6.8   -272.6 
7/27/2017             1,844 1,401 6.6   -275.4 
7/28/2017 0.0 51.4 46.7 690.0 79.4 77.1 1,626 1,236 6.7 79.3 -302.0 
7/29/2017           73.0 1,821 1,384 6.9   -252.6 
7/30/2017             638 472 6.9 148.9 -208.3 
7/31/2017 0.0 174.0 38.5 560.0 122.8 122.8 4,589 3,488 6.8   -256.3 
8/1/2017             1,284 1,002 6.7 152.1 -298.0 











Table B.3 (Continued) 
 Two-Zone Reactor - Effluent 
Date TKN sol. TKN NH3 sol. NH3 NOX sol. NOX Mg TP sol. TP OP 
  (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
7/10/2017                 113.0 109.7 
7/11/2017 324.2 16.2 8.5 8.8 0.0 0.0 49.5 81.0 84.9 78.6 
7/12/2017 258.2 12.9               96.7 
7/13/2017                 85.1 94.8 
7/14/2017                     
7/15/2017 425.5 26.6 13.3 13.0 0.0 0.0 55.4 98.0 105.5 111.7 
7/16/2017                   88.1 
7/17/2017                   61.8 
7/18/2017                     
7/19/2017                     
7/20/2017 485.5 27.0 15.7 14.3 0.0 0.0 39.4 101.0     
7/21/2017                 46.0 58.4 
7/22/2017                     
7/23/2017                 64.5 76.8 
7/24/2017                   78.9 
7/25/2017 596.7 39.8 16.6 16.1 0.0 0.0 48.5 77.0     
7/26/2017                 93.9 104.8 
7/27/2017                     
7/28/2017 652.4 34.3 22.5 20.3 0.0 0.0 47.2 97.0 113.2 124.4 
7/29/2017                   119.7 
7/30/2017                     
7/31/2017 452.5 30.2 12.2 11.3 0.0 0.0 40.5 85.0 136.4 136.4 
8/1/2017                   132.2 











Table B.4 Three-Zone Bench Reactor qPCR Results 
  Average Relative Quantity/16S 
Location Date Clade I Clade IIA Clade IIB Clade IID 
Clade IIC-











5-18-17 2.8E-05 9.9E-03 2.3E-03 2.4E-04 1.8E-06 4.2E-03 1.2E-03 1.1E-04 
5-24-17 3.1E-05 1.1E-03 1.1E-04 7.4E-05 9.0E-07 3.5E-04 2.5E-04 1.1E-04 
5-25-17 7.0E-05 2.9E-03 3.5E-04 1.3E-04 1.4E-06 9.8E-04 6.5E-04 1.7E-04 
5-31-17 9.6E-05 3.9E-03 7.7E-04 1.3E-04 1.8E-06 1.7E-03 7.1E-04 1.3E-04 
6-5-17 3.7E-05 1.2E-02 4.7E-03 8.1E-04 2.3E-06 1.1E-02 3.2E-03 7.3E-05 
6-9-17 1.1E-05 4.8E-03 1.2E-03 3.7E-04 1.1E-06 1.9E-03 7.5E-04 8.9E-05 
6-30-17 5.5E-05 1.1E-02 3.3E-03 3.4E-03 2.0E-06 5.0E-03 2.0E-03 1.9E-04 
7-7-17 4.2E-05 3.4E-03 7.7E-04 1.5E-03 1.8E-06 2.3E-03 1.3E-03 1.6E-04 
7-11-17 5.7E-05 9.3E-03 1.3E-03 4.0E-03 3.6E-06 3.7E-03 3.1E-03 1.8E-04 
7-13-17 6.0E-05 5.0E-03 7.3E-04 1.9E-03 1.7E-06 2.9E-03 1.4E-03 2.0E-04 
7-14-17 4.9E-05 1.2E-02 1.8E-03 2.4E-03 8.4E-06 1.6E-03 2.1E-03 1.0E-04 
7-19-17 1.2E-04 1.9E-02 1.8E-03 6.8E-03 7.9E-06 1.3E-02 3.5E-03 9.1E-05 
7-20-17 4.6E-05 8.2E-03 3.1E-04 8.1E-03 3.0E-06 3.5E-03 4.4E-03 2.2E-04 
7-21-17 7.8E-05 1.7E-02 7.8E-04 1.1E-02 5.5E-06 8.5E-03 6.4E-03 8.8E-05 













5-1-17 6.3E-05 4.9E-03 1.9E-04 5.1E-05 1.1E-06 9.4E-04 9.6E-04 2.9E-04 
5-2-17 5.4E-05 3.9E-03 7.6E-04 9.0E-05 1.2E-06 2.6E-03 1.8E-03 1.4E-04 
5-3-17 3.6E-05 6.6E-03 1.5E-03 1.3E-04 1.7E-06 4.2E-03 1.4E-03 1.2E-04 
5-9-17 5.4E-05 1.4E-03 8.6E-05 6.0E-05 7.7E-07 6.7E-04 3.8E-04 1.6E-04 
5-16-17 2.1E-05 6.1E-03 1.3E-03 1.5E-04 1.0E-06 3.2E-03 5.8E-04 5.4E-05 
5-18-17 2.8E-05 4.9E-03 1.2E-03 1.1E-04 9.9E-07 2.0E-03 5.9E-04 2.8E-04 
5-19-17 6.7E-05 7.6E-03 9.4E-04 1.4E-04 1.7E-06 3.4E-03 2.6E-03 2.0E-04 
5-24-17 4.1E-05 6.0E-03 1.5E-03 2.0E-04 8.9E-07 2.3E-03 1.0E-03 1.2E-04 
5-25-17 2.3E-05 6.9E-03 1.7E-03 1.8E-04 7.0E-07 3.0E-03 8.3E-04 7.7E-05 
5-26-17 2.4E-05 5.5E-03 1.3E-03 2.0E-04 8.0E-07 2.8E-03 1.1E-03 6.0E-05 
5-31-17 5.6E-05 4.7E-03 1.2E-03 2.1E-04 1.2E-06 2.7E-03 1.4E-03 1.7E-04 
7-7-17 4.1E-05 4.8E-03 2.5E-03 8.3E-04 3.3E-06 4.4E-03 1.2E-03 2.0E-04 
7-11-17 2.7E-05 5.7E-03 1.4E-03 1.0E-03 1.1E-05 4.9E-03 2.4E-03 7.8E-05 
7-13-17 3.1E-05 3.5E-03 8.7E-04 7.0E-04 4.3E-06 3.0E-03 1.2E-03 1.5E-04 
7-14-17 3.9E-05 1.2E-02 2.4E-03 2.5E-03 1.2E-05 7.3E-03 1.1E-03 1.2E-04 




Table B.5 Three-Zone Bench Reactor Influent Phyla Percent of Total OTUs  
Phyla 5-18 5-24 5-25 5-31 6-5 6-9 6-30 7-7 7-11 
Euryarchaeota 0.01 0.06 0.03 0.03 0.01 0.03 0.01 0.03 0.03 
Archaea_WSA2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Acidobacteria 1.13 0.75 0.72 0.79 1.30 1.27 2.01 1.72 2.17 
Actinobacteria 1.02 1.56 0.71 0.24 0.66 0.96 2.72 0.90 1.44 
Aminicenantes 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Armatimonadetes 0.16 0.31 0.23 0.41 0.13 0.14 0.32 0.37 0.28 
Bacteria_BRC1 0.01 0.01 0.02 0.02 0.02 0.00 0.05 0.05 0.09 
Bacteroidetes 32.25 21.92 26.94 30.91 28.60 31.08 26.26 27.12 26.14 
Caldiserica 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Candidatus Berkelbacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Chlamydiae 0.08 0.07 0.07 0.09 0.06 0.25 0.28 0.36 0.40 
Chlorobi 0.40 0.43 0.42 0.51 0.61 0.51 1.20 1.54 1.59 
Chloroflexi 4.79 6.56 5.04 5.03 8.14 7.19 7.83 7.31 6.59 
Cloacimonetes 0.06 0.14 0.10 0.08 0.04 0.07 0.00 0.04 0.01 
Cyanobacteria 0.09 0.06 0.06 0.13 0.25 0.11 0.09 0.09 0.05 
Deinococcus-Thermus 0.05 0.10 0.07 0.22 0.04 0.07 0.08 0.05 0.02 
Elusimicrobia 0.03 0.00 0.01 0.00 0.05 0.04 0.90 0.72 0.65 
Fibrobacteres 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Firmicutes 2.86 6.97 5.44 4.19 1.88 2.25 2.22 2.30 2.11 
Fusobacteria 0.52 1.26 1.24 0.98 0.32 0.60 0.44 0.53 0.58 
Gemmatimonadetes 0.08 0.02 0.03 0.00 0.16 0.00 0.06 0.05 0.07 
Gracilibacteria 0.09 0.11 0.10 0.16 0.05 0.15 0.12 0.14 0.06 
Hydrogenedentes 0.41 0.31 0.39 0.44 0.46 0.54 0.46 0.41 0.48 
Ignavibacteriae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Latescibacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Lentisphaerae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Microgenomates 0.03 0.06 0.06 0.07 0.05 0.07 0.18 0.24 0.22 
Nitrospirae 0.18 0.16 0.21 0.45 0.50 0.12 0.54 0.01 0.01 
Omnitrophica 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Parcubacteria 0.05 0.06 0.05 0.05 0.04 0.02 0.11 0.11 0.09 
Planctomycetes 1.49 2.42 1.99 2.66 2.40 1.57 2.52 2.73 2.70 
Proteobacteria 50.78 53.41 52.51 48.08 50.22 49.99 48.70 50.40 51.16 
Bacteria_RsaHf231 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Absconditabacteria 0.02 0.00 0.02 0.01 0.00 0.03 0.01 0.00 0.02 
Saccharibacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 
Spirochaetae 0.16 0.03 0.06 0.16 0.43 0.14 0.17 0.15 0.30 
Synergistetes 0.01 0.02 0.02 0.03 0.00 0.02 0.00 0.01 0.02 
Dependentiae 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.03 
Tenericutes 0.01 0.00 0.01 0.03 0.00 0.00 0.00 0.00 0.00 
Thermotogae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 








Table B.5 (Continued) 
Phyla 7-13 7-14 7-19 7-20 7-21 
Euryarchaeota 0.03 0.00 0.00 0.03 0.03 
Archaea_WSA2 0.00 0.00 0.00 0.00 0.00 
Acidobacteria 1.86 1.54 1.75 2.17 1.78 
Actinobacteria 0.56 0.27 0.33 1.30 1.19 
Aminicenantes 0.00 0.00 0.00 0.00 0.00 
Armatimonadetes 0.40 0.34 0.35 0.69 0.53 
Bacteria_BRC1 0.05 0.09 0.16 0.16 0.14 
Bacteroidetes 27.00 31.96 26.40 28.06 26.67 
Caldiserica 0.00 0.00 0.00 0.00 0.00 
Candidatus Berkelbacteria 0.00 0.00 0.00 0.00 0.00 
Chlamydiae 0.31 0.22 0.23 0.54 0.50 
Chlorobi 2.06 1.95 2.58 3.06 3.04 
Chloroflexi 7.23 5.50 5.92 6.60 5.67 
Cloacimonetes 0.02 0.03 0.03 0.04 0.03 
Cyanobacteria 0.07 0.19 0.10 0.04 0.06 
Deinococcus-Thermus 0.01 0.01 0.00 0.01 0.00 
Elusimicrobia 0.44 0.96 0.63 0.50 0.64 
Fibrobacteres 0.00 0.00 0.02 0.00 0.01 
Firmicutes 2.28 1.71 1.54 1.93 1.90 
Fusobacteria 0.61 0.44 0.30 0.18 0.32 
Gemmatimonadetes 0.05 0.16 0.11 0.10 0.11 
Gracilibacteria 0.11 0.10 0.09 0.05 0.02 
Hydrogenedentes 0.44 0.38 0.44 0.68 0.75 
Ignavibacteriae 0.00 0.00 0.00 0.00 0.01 
Latescibacteria 0.00 0.00 0.03 0.01 0.02 
Lentisphaerae 0.00 0.00 0.00 0.00 0.00 
Microgenomates 0.33 0.24 0.18 0.22 0.15 
Nitrospirae 0.33 0.25 0.24 0.09 0.46 
Omnitrophica 0.00 0.01 0.02 0.00 0.01 
Parcubacteria 0.09 0.11 0.06 0.02 0.04 
Planctomycetes 3.10 2.60 2.51 3.21 3.04 
Proteobacteria 50.00 47.09 52.48 47.63 49.34 
Bacteria_RsaHf231 0.00 0.00 0.00 0.00 0.00 
Absconditabacteria 0.01 0.02 0.02 0.00 0.01 
Saccharibacteria 0.00 0.00 0.00 0.00 0.00 
Spirochaetae 0.32 0.82 0.94 0.44 0.94 
Synergistetes 0.00 0.01 0.00 0.00 0.02 
Dependentiae 0.06 0.03 0.03 0.01 0.04 
Tenericutes 0.00 0.00 0.00 0.01 0.00 
Thermotogae 0.00 0.00 0.00 0.00 0.00 








Table B.6 Three-Zone Bench Reactor Phyla Percent of Total OTUs  
Phyla 4-29 5-1 5-2 5-3 5-9 5-16 5-18 5-19 5-24 
Euryarchaeota 0.03 0.05 0.02 0.02 0.03 0.03 0.03 0.02 0.02 
Archaea_WSA2 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Acidobacteria 1.29 0.67 0.75 0.80 0.92 1.04 1.06 1.23 1.12 
Actinobacteria 1.12 1.49 0.37 0.45 0.26 2.04 2.09 2.30 0.55 
Aminicenantes 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Armatimonadetes 0.15 0.23 0.10 0.10 0.14 0.26 0.24 0.21 0.25 
Bacteria_BRC1 0.05 0.04 0.01 0.00 0.03 0.01 0.01 0.03 0.02 
Bacteroidetes 30.85 27.55 31.96 32.66 35.97 37.54 32.46 32.09 34.29 
Caldiserica 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Candidatus Berkelbacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Chlamydiae 0.14 0.12 0.07 0.11 0.07 0.08 0.07 0.05 0.07 
Chlorobi 0.74 0.47 0.57 0.59 0.54 0.67 0.57 0.51 0.48 
Chloroflexi 4.23 4.00 3.22 3.82 3.07 4.69 4.51 5.44 3.88 
Cloacimonetes 0.08 0.09 0.06 0.08 0.02 0.05 0.04 0.04 0.04 
Cyanobacteria 0.04 0.08 0.32 0.27 0.34 0.07 0.24 0.15 0.33 
Deinococcus-Thermus 0.01 0.01 0.02 0.01 0.02 0.09 0.08 0.05 0.07 
Elusimicrobia 0.02 0.01 0.03 0.00 0.03 0.01 0.03 0.04 0.03 
Fibrobacteres 0.00 0.02 0.03 0.03 0.06 0.00 0.02 0.00 0.02 
Firmicutes 2.26 7.05 5.51 5.90 4.65 3.28 5.63 3.88 2.92 
Fusobacteria 0.26 1.02 0.79 0.67 0.23 0.46 0.31 0.45 0.50 
Gemmatimonadetes 0.00 0.02 0.07 0.02 0.12 0.07 0.10 0.04 0.12 
Gracilibacteria 0.19 0.04 0.08 0.11 0.10 0.02 0.10 0.07 0.10 
Hydrogenedentes 0.20 0.46 0.43 0.41 0.37 0.47 0.31 0.43 0.38 
Ignavibacteriae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Latescibacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Lentisphaerae 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 
Microgenomates 0.01 0.00 0.01 0.00 0.02 0.03 0.05 0.04 0.05 
Nitrospirae 0.08 0.08 0.10 0.11 0.15 0.04 0.16 0.18 0.09 
Omnitrophica 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01 
Parcubacteria 0.12 0.02 0.05 0.03 0.06 0.00 0.08 0.07 0.05 
Planctomycetes 2.36 2.03 1.30 1.32 0.92 1.53 2.08 2.26 2.23 
Proteobacteria 52.09 50.47 50.55 48.29 47.15 43.51 45.21 46.21 48.73 
Bacteria_RsaHf231 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Absconditabacteria 0.00 0.00 0.03 0.04 0.04 0.00 0.04 0.02 0.00 
Saccharibacteria 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Spirochaetae 0.11 0.17 0.43 0.48 0.91 0.15 0.52 0.28 0.46 
Synergistetes 0.00 0.00 0.03 0.00 0.04 0.02 0.03 0.01 0.01 
Dependentiae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Tenericutes 0.00 0.01 0.00 0.00 0.12 0.05 0.24 0.10 0.08 
Thermotogae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 








Table B.6 (Continued) 
Phyla 5-25 5-26 5-31 7-7 7-11 7-13 7-14 7-21 
Euryarchaeota 0.02 0.02 0.03 0.04 0.02 0.02 0.01 0.00 
Archaea_WSA2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Acidobacteria 1.01 0.91 1.01 1.66 1.90 1.68 2.18 1.78 
Actinobacteria 1.68 1.28 0.92 1.75 0.52 1.55 1.42 0.27 
Aminicenantes 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Armatimonadetes 0.14 0.17 0.24 0.28 0.22 0.23 0.20 0.28 
Bacteria_BRC1 0.01 0.00 0.04 0.05 0.07 0.10 0.05 0.07 
Bacteroidetes 30.20 32.44 36.21 29.93 30.65 29.48 31.17 30.69 
Caldiserica 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Candidatus Berkelbacteria 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Chlamydiae 0.08 0.11 0.06 0.26 0.33 0.34 0.41 0.30 
Chlorobi 0.42 0.39 0.55 1.44 1.71 1.95 1.43 2.84 
Chloroflexi 4.59 4.38 4.53 6.84 4.97 6.77 5.43 6.32 
Cloacimonetes 0.04 0.06 0.10 0.10 0.02 0.01 0.03 0.02 
Cyanobacteria 0.23 0.33 0.25 0.26 0.31 0.21 0.22 0.16 
Deinococcus-Thermus 0.05 0.07 0.05 0.07 0.03 0.02 0.01 0.00 
Elusimicrobia 0.00 0.02 0.11 0.98 1.14 0.81 0.89 0.76 
Fibrobacteres 0.03 0.01 0.01 0.01 0.02 0.02 0.02 0.01 
Firmicutes 2.96 3.88 6.18 4.90 1.20 4.76 3.88 1.60 
Fusobacteria 0.51 0.39 0.32 0.29 0.20 0.29 0.33 0.39 
Gemmatimonadetes 0.04 0.14 0.15 0.15 0.21 0.15 0.19 0.14 
Gracilibacteria 0.13 0.17 0.11 0.12 0.10 0.06 0.05 0.06 
Hydrogenedentes 0.28 0.30 0.30 0.36 0.36 0.37 0.32 0.46 
Ignavibacteriae 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 
Latescibacteria 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Lentisphaerae 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 
Microgenomates 0.03 0.04 0.07 0.18 0.19 0.14 0.16 0.20 
Nitrospirae 0.05 0.16 0.09 0.04 0.25 0.18 0.00 0.38 
Omnitrophica 0.00 0.01 0.02 0.00 0.01 0.00 0.02 0.00 
Parcubacteria 0.09 0.07 0.08 0.12 0.11 0.11 0.09 0.10 
Planctomycetes 1.88 1.72 1.73 2.35 2.77 2.34 2.32 3.03 
Proteobacteria 50.83 48.52 42.86 44.61 48.64 45.13 45.59 46.94 
Bacteria_RsaHf231 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Absconditabacteria 0.00 0.02 0.04 0.02 0.02 0.06 0.02 0.01 
Saccharibacteria 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
Spirochaetae 0.52 0.52 0.66 0.79 0.92 0.89 1.08 0.98 
Synergistetes 0.05 0.01 0.06 0.13 0.00 0.02 0.01 0.01 
Dependentiae 0.00 0.00 0.01 0.01 0.04 0.03 0.02 0.03 
Tenericutes 0.12 0.23 0.50 0.07 0.00 0.01 0.01 0.00 
Thermotogae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 


























Table C.1 Pilot Reactor Data  
   Hydraulic Solids Reactor Influent (Waste Activated Sludge) 
Date   Retention Time Retention Time TSS VSS pH TP OP NH3 Mg ORP 
  Day (HR) (HR) (mg/L) (mg/L)   (mg/L) (mg/L) (mg/L) (mg/L) (mV) 
10/9/2018 1 23.9   7,450 5,360             
10/10/2018 2 23.9   7,403 5,260             
10/11/2018 3 23.9   6,874 4,950             
10/12/2018 4 23.9   5,709 4,280             
10/13/2018 5 34.8   5,834 4,260             
10/14/2018 6 31.9   5,590 4,190             
10/15/2018 7 23.9 36.0 7,198 5,330 7.0 227   1.74 42.8 40 
10/16/2018 8 23.9 35.0 6,836 4,920   224 8.0     33 
10/17/2018 9 23.9 35.8 8,849 6,640 6.8 358 7.5 3.1 30.3 78 
10/18/2018 10 23.9 33.8 10,076 7,360   297 4.6 1.7   14 
10/19/2018 11 32.8 39.4 8,037 5,710 6.9 267 6.4   31.2 65 
10/20/2018 12 23.9 40.8 10,239 7,370             
10/21/2018 13 23.9 40.1 10,021 7,210             
10/22/2018 14 23.9 38.0 9,911 7,230   189 6.9 2.7 38.4 20 
10/23/2018 15 23.9 38.3 9,867 7,200   185 7.1 2.2   42 
10/24/2018 16 23.9 42.3 9,645 6,900 7.0 170 4.1   30.5 32 
10/25/2018 17 28.7 48.1 9,155 6,680   255 6.1   33.3 77 
10/26/2018 18 23.9 54.6 9,464 7,100   322 6.8 1 35 54 
10/27/2018 19 30.9 59.2 10,085 7,360             
10/28/2018 20 25.5 62.1 7,974 5,660   254 6.2       
10/29/2018 21 23.9 63.8 8,729 6,460 7.1 246 3.5   28.4 9 
10/30/2018 22 24.5 66.7 9,822 7,370   276   2.1 27.4 42 
10/31/2018 23 23.9 67.7 9,048 6,420   224 3.3 2.9   63 
11/1/2018 24 36.5 67.4 7,304 5,480 7.0 237 3.4     36 
11/2/2018 25 23.9 60.8 7,845 5,810   235 6.5   29.6 61 
11/3/2018 26 23.9 54.4 9,920 7,240           10 
11/4/2018 27 23.9 45.5 10,057 7,540             
11/5/2018 28 19.9 39.8 10,186 7,640 7.0 289 2.8 2.3     
11/6/2018 29 18.8 34.4 11,709 8,430 6.9 309 2.7 2.5 31.7 23 
11/7/2018 30 18.2 30.1 11,312 8,140 6.7 314 4.4 3.4   -4 
 
 






Table C.1 (Continued) 
 Reactor Waste Sludge Reactor Effluent 
Date TSS VSS pH TP OP NH3 Mg ORP TSS pH TP OP NH3 Mg 
  (mg/L) (mg/L)   (mg/L) (mg/L) (mg/L) (mg/L) (mV) (mg/L)   (mg/L) (mg/L) (mg/L) (mg/L) 
10/9/2018 8,000 5,840             30           
10/10/2018 18,407 13,253           -101 20           
10/11/2018 32,873 23,340           -155 39           
10/12/2018 20,431 14,302           -199 60           
10/13/2018 8,662 5,890           -158 71           
10/14/2018 18,706 12,533           -293 81           
10/15/2018 7,699 5,312 6.9 232   11.1 62 -270 135 6.9   35 6.5 33.4 
10/16/2018 21,571 14,453   469 46     -148 97   184 40     
10/17/2018 28,444 19,239 6.6     25.9 55.6 -156 186 6.8 255 31.5 9.1 37.5 
10/18/2018 35,200 23,600     52.4 37.8   -424 101   252 43.5 17.4   
10/19/2018 44,092 29,542 6.7 996 67.5 40.2 58.2 -453 110 6.8   59.7 19.2 39.4 
10/20/2018 39,995 26,996           -114 81   44       
10/21/2018 40,050 27,314           -117 105   24       
10/22/2018 44,149 30,069 6.7 953 67.2 36.3 59.4 -112 114 7.0 13 59.7 23.4 39.7 
10/23/2018 40,482 27,730     89.4 30.4   -129 149   10 67.5 34.9   
10/24/2018 40,630 28,100 6.7     46.7 56.9 -95 1,000 6.9       38.2 
10/25/2018 40,360 27,362     105.9 42.7 69.8 -422 561     74.5   36 
10/26/2018 34,440 23,419 6.7 796 104.8 47.2 77.4 -502 238 6.8 123 89.5 39.7 44.5 
10/27/2018 31,995 22,236           -505 282   140       
10/28/2018 31,439 21,693           -506 170   191       
10/29/2018 29,568 20,993 6.6 636 114.5 47.2 47.2 -506 357 6.7 188 86.9 47.5 46.8 
10/30/2018 27,700 19,400   624 115.2 55.6 67.8 -508 170   184 83.5 46.3 44.4 
10/31/2018 30,407 21,566       49.1   -472 509   161   46   
11/1/2018 31,672 22,487 6.6         -479 269 6.8 94       
11/2/2018 28,111 19,818 6.8 609 110.4 39.8 61.4 -501 391 6.8 106 86.5 35.1 41.2 
11/3/2018 29,427 21,040           -123 128   112       
11/4/2018 29,009 20,742           10 125   110       
11/5/2018 26,700 19,100 6.6 697 88.9 33.4 54.3 -455 131 6.9 104 86.0 31.3 39.4 
11/6/2018 21,890 15,864 6.6   84.6 32.6 50.2 -376 128 6.7 170 80.5 24.9 40.8 
11/7/2018 20,740 14,829 6.7   81.2 29.7   -145 130 7.0 108 78.0 23.4   
 
 






Table C.1 (Continued) 
 Zone One Zone Two Zone Three 
Date ORP ORP Temperature Blanket Depth 
  (mV) (mV) (Deg C) (FT) 
10/9/2018       0.2 
10/10/2018 -101 -105 20.5 0.4 
10/11/2018 -155 -341 19.9 0.4 
10/12/2018 -199 -328 19.7 0.6 
10/13/2018 -158 -309 19.1 0.4 
10/14/2018 -293 -329 19.6 0.4 
10/15/2018 -270 -317 18.8 1.3 
10/16/2018 -148 -259 18.6 1.5 
10/17/2018 -156 -259 19.2 2.1 
10/18/2018 -424 -322 19.5 2.9 
10/19/2018 -453 -320 20.0 2.9 
10/20/2018 -114 -322 19.5 2.9 
10/21/2018 -117 -322 19.2 3.1 
10/22/2018 -112 -319 19.3 4.1 
10/23/2018 -129 -316 19.4 5.1 
10/24/2018 -95 -318 19.2 1.7 
10/25/2018 -422 -326 19.2 5.4 
10/26/2018 -502 -328 19.5 5.0 
10/27/2018 -505 -318 19.9 5.5 
10/28/2018 -506 -321 20.5 4.6 
10/29/2018 -506 -315 20.3 4.8 
10/30/2018 -508 -325 19.8 5.0 
10/31/2018 -472 -324 19.7 4.1 
11/1/2018 -479 -315 20.2 5.3 
11/2/2018 -501 -320 20.3 3.5 
11/3/2018 -123 -324 19.8 4.0 
11/4/2018 10 -323 19.2 3.7 
11/5/2018 -455 -324 19.0 3.1 
11/6/2018 -376 -324 19.0 3.5 
11/7/2018 -145 -325 18.6 4.2 
 
 






Table C.1 (Continued) 
   Hydraulic Solids Reactor Influent (Waste Activated Sludge) 
Date   Retention Time Retention Time TSS VSS pH TP OP NH3 Mg ORP 
  Day (HR) (HR) (mg/L) (mg/L)   (mg/L) (mg/L) (mg/L) (mg/L) (mV) 
11/8/2018 31 18.4 26.6 10,233 7,270   256 4.8     28 
11/9/2018 32 18.2 23.6 9,734 7,300 7.01 216 6.7 1.8 31.1 74 
11/10/2018 33 21.3 22.5 9,934 7,450           16 
11/11/2018 34 21.5 22.0 8,374 6,030           60 
11/12/2018 35 18.4 21.6 12,309 8,860   337 2.6   26.4 67 
11/13/2018 36 18.5 21.9 10,647 7,770 7.22 294 3.5 1.2 25.5 76.6 
11/14/2018 37 18.2 23.6 10,660 7,780   307 4     63 
11/15/2018 38 18.2 25.0 10,877 8,050 7.1 289 6.9 2.8 26.6 24 
11/16/2018 39 18.2 24.3 10,312 7,800 7 246 2.8 1.3 36.1 -2 
11/17/2018 40 22.8 22.3 10,260 7,490             
11/18/2018 41 21.5 25.9 9,184 6,800   271       20 
11/19/2018 42 18.2 32.2 10,492 7,870 6.94 307 4.5 2 28.9 38 
11/20/2018 43 18.2 39.4 11,258 8,330 6.56 298 5.1 2.4 25.1 66 
11/21/2018 44 18.2 39.5 14,501 10,300 7.07 200 6.9     41 
11/22/2018 45 19.7 39.3                 
11/23/2018 46 20.8 46.2                 
11/24/2018 47 24.5 55.5                 
11/25/2018 48 25.2 64.8                 
11/26/2018 49 23.9 59.6 7,499 5,320   304 5.5   29.4 57 
11/27/2018 50 19.1 56.7 10,105 7,480           73 
11/28/2018 51 24.5 49.2 10,254 7,490 7.02 341 4.6   27.4 63 
11/29/2018 52 18.2 42.6 8,900 6,670           35 
11/30/2018 53 20.2 34.3 10,373 7,570 7.07 408 7 2.2 28 28 
12/1/2018 54 23.0 26.8 8,546 6,410             
12/2/2018 55 18.2 21.2 9,870 7,400   450 5.4       
12/3/2018 56 18.2 18.7 9,962 7,070   287     34.5 36 
12/4/2018 57 13.8 18.0 9,458 7,090 6.87 210 3.6 1.5 33.8 69 
12/5/2018 58 14.8 17.5 9,532 6,770           69 
12/6/2018 59 19.6 16.8 8,866 6,290 6.95         20 
12/7/2018 60 19.6 16.5 7,973 5,820 6.93 333 5.9 3.3 28.3 3 
 
 






Table C.1 (Continued) 
 Reactor Waste Sludge Reactor Effluent 
Date TSS VSS pH TP OP NH3 Mg ORP TSS pH TP OP NH3 Mg 
  (mg/L) (mg/L)   (mg/L) (mg/L) (mg/L) (mg/L) (mV) (mg/L)   (mg/L) (mg/L) (mg/L) (mg/L) 
11/8/2018 25,092 18,066   672 69.9     -173 253   101 64.2     
11/9/2018 31,100 22,300 6.7     25.6 49.2 -444 213 7.1 98 67.5 19.1 38.2 
11/10/2018 29,510 21,100           -498 334   18       
11/11/2018 26,005 18,854   578 36.9     -503 126   69 24.9     
11/12/2018 28,607 20,826 7.1 598 37.5 29.4 51.6 -14 76 7.4 249 29.8 14.7 34.6 
11/13/2018 22,600 16,500     49 22 45.6 2 64   258 23.0 8.13 30.8 
11/14/2018 27,832 20,039   687 56.4     -417 75   258 28.9     
11/15/2018 24,500 17,836 6.7   107 38.1 50.3 46 92 7.0 75 47.4 13.5 36.1 
11/16/2018 21,900 15,723 6.8 613 70.5 31.9 55.9 -353 572 6.9 96 68.7 21.8 43.8 
11/17/2018 22,840 16,422           -327 377   160       
11/18/2018 21,324 15,460   574 90.4     -414 411   216 40.2     
11/19/2018 34,900 25,600 6.7     27.6 44.3 28 78 7.2 222 33.7 11.6 28.7 
11/20/2018 25,000 18,627 7.0   65.1 13.6 42.3 52 78 7.2 245 47.1 14.1 42.5 
11/21/2018 35,000 25,900 6.8 768 78.1     -190 86 7.2 185 58.5 14.8   
11/22/2018 32,450 24,013           -445             
11/23/2018 30,500 22,875           -486 65           
11/24/2018 29,740 22,156           -499 57           
11/25/2018 28,000 21,140           -480 42           
11/26/2018 33,162 24,872 6.8 745 108.5 43.1 61.5 -447 37   202 88.2     
11/27/2018 34,211 25,508         59.3 -426 64   226     40.5 
11/28/2018 26,141 19,606 6.7 713 105.2 38.9   -200 67 7.0 182 87.2 19.4 38.4 
11/29/2018 25,752 19,056   751 109.2     93 103   185 102.0     
11/30/2018 32,500 24,100 6.8 780 97.5 29.7 49.5 134 70 7.1 103 83.2 20.0 40.7 
12/1/2018 31,231 23,361           89 371   76       
12/2/2018 35,626 26,720           -195 781   213       
12/3/2018 30,501 22,998 6.9 533 104 28.9 48.2 -293 152 7.1 286 60.3 19.7 38.6 
12/4/2018 30,100 22,800 7.8 628 64.2 26.8 47.1 53 45 7.1 243 58.4 17.9 34.5 
12/5/2018 40,750 30,644           135 40   72       
12/6/2018 32,915 24,857 6.8         58 374 7.0         
12/7/2018 27,500 20,900 6.9 703 58.4 31 47.3 74 600 7.1 103 59.4 14.6 35.5 
 
 






Table C.1 (Continued) 
 Zone One Zone Two Zone Three 
Date ORP ORP Temperature Blanket Depth 
  (mV) (mV) (Deg C) (FT) 
11/8/2018 -173 -328 18.6 2.3 
11/9/2018 -444 -288 18.6 1.7 
11/10/2018 -498 -322 17.9 1.4 
11/11/2018 -503 -339 18.1 0.9 
11/12/2018 -14 -216 17.6 1.2 
11/13/2018 2 -31 17.4 1.2 
11/14/2018 -417 -179 18.0 2.2 
11/15/2018 46 -408 17.8 3.8 
11/16/2018 -353 -395 18.1 3.5 
11/17/2018 -327 -423 18.2 3.8 
11/18/2018 -414 -431 17.7 1.8 
11/19/2018 28 -408 17.4 1.5 
11/20/2018 52 -420 17.3 1.6 
11/21/2018 -229 -429 17.6 1.8 
11/22/2018 -445 -440 18.0 1.7 
11/23/2018 -486 -440 18.4 1.3 
11/24/2018 -499 -431 18.7 1.4 
11/25/2018 -480 -423 18.8 1.6 
11/26/2018 -447 -419 18.4 2.5 
11/27/2018 -426 -414 17.3 3.6 
11/28/2018 -200 -421 16.7 4.5 
11/29/2018 -35 -417 16.8 5.2 
11/30/2018 5 -425 17.1 5.2 
12/1/2018 12 -356 17.2 4.8 
12/2/2018 -195 -429 16.5 3.1 
12/3/2018 -293 -419 16.3 1.6 
12/4/2018 53 -417 16.2 2.0 
12/5/2018 94 -420 16.3 3.0 
12/6/2018 58 -200 16.4 2.9 
12/7/2018 33 -242 16.2 1.9 
 
 






Table C.1 (Continued) 
   Hydraulic Solids Reactor Influent (Waste Activated Sludge) 
Date   Retention Time Retention Time TSS VSS pH TP OP NH3 Mg ORP 
  Day (HR) (HR) (mg/L) (mg/L)   (mg/L) (mg/L) (mg/L) (mg/L) (mV) 
12/8/2018 61 15.8 17.2 9,019 6,670             
12/9/2018 62 20.2 19.0 7,513 5,560   359 6.0       
12/10/2018 63 14.2 25.6 9,953 7,270 7.1   6.5   40.2 9 
12/11/2018 64 14.8 34.4 8,583 6,350 6.95 330 5.2 2.5 39.2 60 
12/12/2018 65 15.7 43.2 6,302 4,730 7.08 330 6.7 1.8   12 
12/13/2018 66 15.7 44.5 9,300 6,700 7.15 483 5.2 2.8   33 
12/14/2018 67 16.9 42.4 9,284 6,590 7.12     2 27.6 70 
12/15/2018 68 22.3 41.2 9,312 6,800   421 5.3       
12/16/2018 69 24.2 44.6 9,897 7,130             
12/17/2018 70 19.2 48.5 10,233 7,370 7.09 397 4.3 2.3 34.8 13 
12/18/2018 71 22.7 48.7 7,871 5,590 7.01 166 3.0 1.6   3 
12/19/2018 72 25.4 45.8 7,346 5,510         35.1 31 
12/20/2018 73 16.1 43.6 8,869 6,470 6.98 308 5.6     69 
















Table C.1 (Continued) 
 Reactor Waste Sludge Reactor Effluent 
Date TSS VSS pH TP OP NH3 Mg ORP TSS pH TP OP NH3 Mg 
  (mg/L) (mg/L)   (mg/L) (mg/L) (mg/L) (mg/L) (mV) (mg/L)   (mg/L) (mg/L) (mg/L) (mg/L) 
12/8/2018 38,000 28,918           -381 900   151       
12/9/2018 38,000 28,652           -383 670   164       
12/10/2018 20,000 15,360 7.0 578 48.2 28.7 59.1 -138 396 7.2 341 31.3 9.18 40.2 
12/11/2018 31,500 24,100 6.9 616 104 26.4 58.5 121 285 7.2 311 49.7 10.7 43.2 
12/12/2018 25,900 20,019 6.9 792 79.4 31.4   33 817 7.2 265 62.1 13.3 46.1 
12/13/2018 20,400 15,600 7.0 496 97.6 34.6 51.8 -125 1,115 7.2 331 77.1 18.8 49.2 
12/14/2018 24,200 18,600 6.8 562.0 115 42.6 54.7 -337 1,218 6.9 361 107.4 34.7 54.2 
12/15/2018 25,000 19,025           -438 888   436       
12/16/2018 22,460 17,025   512.0 117     -470 1,116   394 109.5     
12/17/2018 20,700 15,700 6.9 481.0 107 41.9 54.4 -453 1,225 7.1 387 99.5 37.8 55.4 
12/18/2018 23,300 17,900 6.8 588 118.2 56.00 63.0 -409 1,805 7.1 178 84.1 25.9 42.9 
12/19/2018 26,200 20,500       46.2   -456 969   182       
12/20/2018 23,200 18,100 6.7   117.2   60.3 -465 1,038 6.8 186 109.7 29.4 45.2 
















Table C.1 (Continued) 
 Zone One Zone Two Zone Three 
Date ORP ORP Temperature Blanket Depth 
  (mV) (mV) (Deg C) (FT) 
12/8/2018 -381 -323 16.5 1.5 
12/9/2018 -383 -281 16.3 1.3 
12/10/2018 -138 -286 16.1 2.2 
12/11/2018 54 -426 16.2 4.4 
12/12/2018 33 -452 16.8 4.5 
12/13/2018 -125 -459 17.0 4.5 
12/14/2018 -337 -455 17.3 4.4 
12/15/2018 -438 -423 17.2 4.4 
12/16/2018 -470 -440 17.1 4.4 
12/17/2018 -453 -452 16.6 4.5 
12/18/2018 -409 -444 16.9 4.6 
12/19/2018 -456 -446 17.4 4.9 
12/20/2018 -465 -447 17.5 5.1 
















Table C.2 Pilot Reactor qPCR Results 
  Average Relative Quantity/16S 
Location Date Clade I Clade IIA Clade IIB Clade IID 
Clade IIC-











10-9-18 8.3E-04 1.1E-02 7.9E-04 2.9E-04 6.3E-05 4.3E-03 2.3E-03 1.9E-04 
10-22-18 8.6E-04 6.6E-03 3.9E-04 2.1E-04 3.0E-05 1.7E-03 1.5E-03 1.9E-04 
10-31-18 7.4E-04 1.1E-02 6.8E-04 2.9E-04 4.7E-05 3.3E-03 2.0E-03 1.6E-04 
11-9-18 9.0E-04 1.5E-02 8.6E-04 5.2E-04 5.5E-05 4.8E-03 3.4E-03 1.7E-04 
11-13-18 6.4E-04 1.3E-02 8.4E-04 3.9E-04 5.9E-05 4.3E-03 2.4E-03 1.2E-04 
11-16-18 9.1E-04 1.3E-02 9.1E-04 4.2E-04 5.9E-05 4.2E-03 2.3E-03 1.6E-04 
11-21-18 9.0E-04 9.4E-03 5.3E-04 4.1E-04 3.6E-05 2.6E-03 1.9E-03 2.0E-04 
11-30-18 6.5E-04 8.3E-03 3.5E-04 6.9E-04 2.0E-05 1.8E-03 1.9E-03 1.8E-04 
12-4-18 7.1E-04 9.6E-03 3.4E-04 8.7E-04 1.9E-05 2.7E-03 2.7E-03 1.9E-04 
12-7-18 4.5E-04 5.7E-03 2.8E-04 3.3E-04 1.7E-05 1.2E-03 1.3E-03 1.5E-04 
12-11-18 6.2E-04 5.6E-03 2.9E-04 5.5E-04 1.8E-05 1.5E-03 1.6E-03 1.3E-04 













10-9-18 7.2E-04 6.6E-03 6.0E-04 2.1E-04 4.8E-05 2.5E-03 1.8E-03 1.7E-04 
10-22-18 6.3E-04 1.1E-02 6.4E-04 2.2E-04 4.5E-05 3.1E-03 1.2E-03 1.3E-04 
10-31-18 8.8E-04 1.1E-02 9.0E-04 3.1E-04 8.3E-05 4.6E-03 2.3E-03 1.6E-04 
11-9-18 7.2E-04 9.7E-03 7.2E-04 2.5E-04 5.3E-05 3.4E-03 1.9E-03 1.7E-04 
11-13-18 6.9E-04 1.4E-02 9.4E-04 4.8E-04 5.2E-05 4.7E-03 2.3E-03 1.5E-04 
11-16-18 5.3E-04 8.9E-03 4.6E-04 2.4E-04 1.8E-05 1.6E-03 9.8E-04 1.0E-04 
11-21-18 6.6E-04 9.7E-03 4.6E-04 2.1E-04 2.5E-05 1.8E-03 1.2E-03 1.8E-04 
11-30-18 5.3E-04 6.5E-03 3.6E-04 2.4E-04 2.0E-05 1.3E-03 1.1E-03 1.3E-04 
12-4-18 6.8E-04 1.6E-02 7.6E-04 4.0E-04 2.8E-05 3.3E-03 1.7E-03 1.8E-04 
12-7-18 5.6E-04 9.2E-03 4.4E-04 4.6E-04 1.7E-05 1.5E-03 1.3E-03 1.7E-04 
12-11-18 5.1E-04 8.6E-03 3.8E-04 5.7E-04 1.4E-05 1.3E-03 1.0E-03 1.3E-04 




Table C.3 Pilot Reactor Influent Phyla Percent of Total OTUs  
Phyla 
2018 
10-9 10-22 10-31 11-9 11-13 11-16 11-21 11-30 12-4 12-7 12-11 12-17 
Euryarchaeota 0.00 0.00 0.00 0.08 0.00 0.00 0.10 0.13 0.00 0.04 0.07 0.08 
Parvarchaeota 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
k__Bacteria;__ 0.14 0.18 0.00 0.08 0.00 0.10 0.11 0.07 0.09 0.09 0.13 0.14 
k__Bacteria;p__ 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
Acidobacteria 0.81 2.09 1.02 1.92 1.04 2.28 2.37 2.77 2.42 2.35 2.07 3.04 
Actinobacteria 1.65 2.68 1.93 1.71 1.57 1.63 3.70 3.28 3.19 3.23 3.24 4.25 
Armatimonadetes 0.13 0.00 0.05 0.00 0.00 0.00 0.10 0.08 0.04 0.03 0.00 0.00 
Bacteria_BHI80-139 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Bacteria_BRC1 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.03 0.03 0.06 
Bacteroidetes 26.73 22.96 24.47 25.19 24.21 24.07 21.92 22.93 21.62 24.22 23.44 25.41 
Chlamydiae 0.13 0.00 0.15 0.00 0.00 0.24 0.07 0.24 0.06 0.11 0.13 0.07 
Chlorobi 1.40 1.07 1.09 0.80 0.63 0.88 0.76 0.61 0.79 0.98 0.91 0.91 
Chloroflexi 0.57 2.74 0.74 2.10 0.39 0.48 1.89 2.51 1.76 1.19 1.39 1.70 
Cyanobacteria 0.09 0.15 0.08 0.08 0.17 0.11 0.10 0.06 0.00 0.06 0.00 0.05 
Elusimicrobia 0.38 0.28 0.31 0.45 0.42 0.44 0.32 0.45 0.49 0.41 0.29 0.37 
Firmicutes 3.50 1.75 2.12 2.20 1.84 1.52 2.78 3.22 3.61 3.24 2.62 2.97 
Fusobacteria 0.57 0.50 0.35 0.49 0.67 0.47 0.59 0.73 0.87 0.81 0.76 0.85 
Bacteria_GN02 0.03 0.00 0.11 0.00 0.00 0.00 0.05 0.03 0.11 0.04 0.00 0.00 
Gemmatimonadetes 0.00 0.00 0.14 0.11 0.13 0.20 0.16 0.05 0.00 0.10 0.09 0.07 
Bacteria_H-178 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Lentisphaerae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Bacteria_NKB19 0.29 0.18 0.18 0.17 0.30 0.33 0.16 0.17 0.19 0.24 0.12 0.11 
Nitrospirae 1.01 0.92 0.00 0.85 0.70 0.11 0.47 0.45 0.51 0.67 0.55 1.55 
Bacteria_OD1 0.00 0.05 0.04 0.11 0.00 0.13 0.04 0.13 0.22 0.15 0.10 0.18 
Planctomycetes 1.76 0.82 0.48 0.88 0.83 1.33 1.61 1.43 0.81 1.13 1.14 1.04 
Proteobacteria 59.49 62.35 65.13 60.83 65.44 63.77 60.30 59.24 61.31 58.83 61.40 55.91 
Bacteria_SR1 0.12 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Spirochaetes 0.22 0.19 0.35 0.28 0.56 0.33 0.59 0.20 0.00 0.24 0.21 0.16 
Synergistetes 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 
Bacteria_TM6 0.00 0.00 0.00 0.00 0.00 0.08 0.09 0.03 0.11 0.00 0.07 0.08 
Tenericutes 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Verrucomicrobia 0.48 0.55 0.85 0.93 0.64 1.04 1.37 0.86 1.40 1.46 0.95 0.84 
Bacteria_WPS-2 0.32 0.40 0.40 0.68 0.35 0.30 0.19 0.26 0.31 0.23 0.27 0.14 
Bacteria_WS3 0.13 0.10 0.00 0.07 0.14 0.17 0.14 0.04 0.09 0.05 0.00 0.00 
Bacteria_WWE1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 











Table C.4 Pilot Reactor Waste Sludge Phyla Percent of Total OTUs  
Phyla 
2018 
10-9 10-22 10-31 11-9 11-13 11-16 11-21 11-30 12-4 12-7 12-11 12-17 
Euryarchaeota 0.00 0.00 0.11 0.00 0.10 0.00 0.00 0.10 0.00 0.00 0.00 0.04 
Parvarchaeota 0.00 0.00 0.10 0.03 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.00 
k__Bacteria;__ 0.16 0.24 0.27 0.09 0.00 0.12 0.00 0.15 0.14 0.15 0.12 0.16 
k__Bacteria;p__ 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Acidobacteria 1.95 2.23 1.95 1.87 1.79 2.50 2.23 3.06 2.54 2.47 2.48 2.71 
Actinobacteria 2.12 1.74 1.52 2.47 2.59 2.32 3.85 4.34 3.15 3.82 4.58 2.78 
Armatimonadetes 0.00 0.09 0.09 0.09 0.00 0.04 0.06 0.05 0.03 0.00 0.02 0.07 
Bacteria_BHI80-139 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Bacteria_BRC1 0.00 0.00 0.00 0.05 0.00 0.00 0.03 0.08 0.00 0.04 0.04 0.00 
Bacteroidetes 25.68 20.72 29.14 21.48 25.03 23.78 21.49 22.39 23.19 23.97 20.96 26.76 
Chlamydiae 0.00 0.11 0.24 0.00 0.06 0.15 0.25 0.29 0.10 0.15 0.01 0.18 
Chlorobi 1.31 1.08 0.76 1.16 1.22 0.67 0.90 0.91 0.82 0.73 1.08 0.93 
Chloroflexi 3.06 2.28 1.80 2.49 1.64 1.32 2.02 2.77 1.60 1.82 1.85 2.16 
Cyanobacteria 0.00 0.08 0.12 0.09 0.18 0.03 0.00 0.11 0.00 0.00 0.00 0.00 
Elusimicrobia 0.31 0.29 0.37 0.38 0.34 0.41 0.32 0.45 0.49 0.33 0.36 0.37 
Firmicutes 3.75 2.37 3.97 2.90 2.09 2.10 4.02 4.50 3.36 3.30 2.70 4.62 
Fusobacteria 0.00 0.27 0.39 0.36 0.38 0.51 0.50 0.54 0.71 0.66 0.73 0.66 
Bacteria_GN02 0.00 0.00 0.08 0.10 0.00 0.05 0.00 0.04 0.00 0.00 0.05 0.00 
Gemmatimonadetes 0.18 0.17 0.00 0.00 0.00 0.00 0.00 0.18 0.02 0.04 0.00 0.03 
Bacteria_H-178 0.00 0.00 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Lentisphaerae 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Bacteria_NKB19 0.23 0.36 0.29 0.00 0.30 0.29 0.29 0.19 0.29 0.26 0.26 0.25 
Nitrospirae 0.77 0.87 0.77 0.58 0.89 0.40 0.32 0.33 0.33 0.00 0.68 0.86 
Bacteria_OD1 0.03 0.06 0.08 0.11 0.09 0.10 0.17 0.15 0.10 0.12 0.07 0.14 
Planctomycetes 1.97 1.52 1.41 0.81 0.83 1.49 1.83 1.53 0.75 0.69 0.87 1.26 
Proteobacteria 57.44 63.55 54.25 62.90 59.96 62.09 59.60 55.53 59.58 59.20 61.60 53.83 
Bacteria_SR1 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.06 
Spirochaetes 0.29 0.51 1.03 0.64 1.04 0.39 0.43 0.36 0.75 0.16 0.23 0.15 
Synergistetes 0.00 0.00 0.00 0.00 0.02 0.00 0.08 0.07 0.00 0.00 0.00 0.07 
Bacteria_TM6 0.00 0.00 0.00 0.09 0.04 0.03 0.00 0.10 0.08 0.16 0.00 0.11 
Tenericutes 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.13 
Verrucomicrobia 0.18 1.00 0.69 0.89 0.87 0.80 1.31 1.50 1.67 1.53 1.02 1.37 
Bacteria_WPS-2 0.50 0.38 0.27 0.42 0.47 0.37 0.31 0.19 0.31 0.35 0.24 0.29 
Bacteria_WS3 0.09 0.00 0.16 0.00 0.05 0.00 0.00 0.05 0.00 0.05 0.00 0.04 
Bacteria_WWE1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 
























Table D.1   Waste Activated Sludge Phosphorus Release Batch Test with Acetic Acid Addition 
Initial conditions 
(Waste activated sludge at time 0 hours)  
       
Constituent Batch 1 Batch 2 Batch 3         
TP (mg/L) 197.1 257 253.6         
TSS (mg/L) 14,194 13,506 13,569 
 
       
VSS (mg/L) 10,500 10,530 10,040        
             
Release Test            
 Control (WAS Only) 4 mL Acetic Acid 8 mL Acetic Acid 20 mL Acetic Acid 
 Batch 1 Batch 2 Batch 3 
Batch 
1 Batch 2 Batch 3 Batch 1 Batch 2 Batch 3 Batch 1 Batch 2 Batch 3 
Time OP OP OP OP OP OP OP OP OP OP OP OP 
(HR) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
0 12.4 12.5 15.3 12.4 4.8 15.2 12.4 4.8 15.2 3.5 4.8 15.2 
1 16.9 17.2 20.4 19.6 8.5 16.5 25.9 20.1 24.8 19.2 22.4 25.9 
3.5 21.4 20.9 22.9 25.8 11.4 27.5 30.3 24.8 31.2 38.9 41.1 42.1 
8 29.7 29.6 32.8 33.4 18.5 35.1 35.7 30.4 34.5 69.40 74.3 75.90 
20 42 39.4 39.7 39.9 31.2 38.5 45.2 44.2 48.2 99.1 84.5 89.7 
44 41.1 54.9 40.5 49.3 39.5 47.2 45.6 51.2 57.3 110.5 104.2 101.5 
52 42.2 59.6 46.5 54.6 41.2 53.1 56.7 50.2 58.4 117.4 111.4 115 
68 43.2 61.4 49.2 64 54 61.2 71 58.2 72.9 123.4 119.2 110.2 
76.25 45.2 68.9 51.7 65.8 58.1 62.1 72.5 60.8 75.4 125.2 120.3 114.8 














Table D.2   Waste Activated Sludge Phosphorus Release Batch Test with Biofuel Waste “A” Addition 
Initial Conditions 
(WAS at time 0 hours)  
       
Constituent Batch 1 Batch 2 Batch 3          
TP (mg/L) 320 341 289          
TSS (mg/L) 11,800 11,200 11,240          
VSS (mg/L) 9,500 9,100 9,250          
             
Release Test            
 Control (WAS Only) 100 mL Waste “A” 500 mL Waste “A” 1,000 mL Waste “A” 
 Batch 1 Batch 2 Batch 3 Batch 1 Batch 2 Batch 3 Batch 1 Batch 2 Batch 3 Batch 1 Batch 2 Batch 3 
Time OP OP OP OP OP OP OP OP OP OP OP OP 
(HR) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
0 34.4 18.4 15.1 41.1 25.1 21.8 35.7 28.9 24.3 39.4 29.9 27.6 
1.5 35.2 21.5 18.5 48 29.4 24.1 71.0 55.4 50.1 79.6 59.4 46.5 
5.25 39.2 25.4 28.5 59 50.1 30.4 75.4 61.2 60.7 89.4 67.4 66.1 
11.5 54.6 34.5 30.1 90 69.8 50.5 78.4 63.7 64.5 101.5 85.7 82.4 
29.5 67 52.4 48.7 96 84.5 77.4 97.7 80.1 81.2 106 99.6 96.4 
48.75 87.9 71.6 65.7 99.8 98.4 84.5 114.0 90.8 89.7 128 124.5 102.5 
73.25 110 78.5 68.4 138 118.5 86.4 160.0 144.0 152.0 221 212.2 157.4 















Table D.3   Waste Activated Sludge Phosphorus Release Batch Test with Biofuel Waste “B” Addition 
Initial Conditions 
(WAS at time 0 hours)  
       
Constituent Batch 1 Batch 2 Batch 3          
TP (mg/L) 320 341 289          
TSS (mg/L) 11,800 11,200 11,240          
VSS (mg/L) 9,500 9,100 9,250          
             
Release Test            
 Control (WAS Only) 20 mL Waste “B” 100 mL Waste “B” 500 mL Waste “B” 
 Batch 1 Batch 2 Batch 3 Batch 1 Batch 2 Batch 3 Batch 1 Batch 2 Batch 3 Batch 1 Batch 2 Batch 3 
Time OP OP OP OP OP OP OP OP OP OP OP OP 
(HR) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
0 34.4 18.4 21 34.4 24.2 31.6 34.5 26.5 42.1 49.4 41.5 53.5 
2.25 35.2 21.5 21.5 35.4 31.5 38 35 35.4 50 59.5 52.4 54.9 
6.25 39.2 25.4 22.8 48 40.9 36.4 39.7 40.1 58.1 72.8 66.2 60.8 
11.5 52.1 33.4 43.5 59 51.6 50.4 64.2 65.5 69.4 80.5 66.8 67.2 
26 67 52.4 51.8 96 75.6 67.5 70.4 67.6 73.8 88.5 68.4 79 
47.5 87.9 71.6 66.4 99.8 89.5 76.5 98 95.1 83.4 97.3 87.6 94.8 
73.5 109.5 77.5 68.3 138 111.5 78 125.9 113.3 84.8 129.5 111.4 96.9 
96 116.4 85.4 70 144.5 115.6 81.1 133.5 138.9 86.6 132.4 117.8 100 
             
             
 1,000 mL Waste “B”          
 Batch 1 Batch 2 Batch 3          
Time OP OP OP          
(HR) (mg/L) (mg/L) (mg/L)          
0 34.4 18.4 21          
2.25 35.2 21.5 21.5          
6.25 39.2 25.4 22.8          
11.5 52.1 33.4 43.5          
26 67 52.4 51.8          
47.5 87.9 71.6 66.4          
73.5 109.5 77.5 68.3          









Table D.4   Waste Activated Sludge Phosphorus Release Batch Test with Ethylene Glycol Addition 
Initial Conditions 
(WAS at time 0 hours)  
    
Constituent Batch 1 Batch 2 Batch 3       
TP (mg/L) 299 284 318       
TSS (mg/L) 11,900 11,050 10,800       
VSS (mg/L) 9,700 9,520 8,950       
          
Release Test         
 Control (WAS Only) 20 mL Ethylene Glycol 100 mL Ethylene Glycol 
 Batch 1 Batch 2 Batch 3 Batch 1 Batch 2 Batch 3 Batch 1 Batch 2 Batch 3 
Time OP OP OP OP OP OP OP OP OP 
(HR) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
0 6 8 5.1 6 8 5.1 35.7 28.9 24.3 
2 9.9 9.2 9.4 13.4 14.1 13.3 71.0 55.4 50.1 
4.25 18.2 18 15.7 26.1 23 22.8 75.4 61.2 60.7 
5.75 22.8 20.5 21.3 31.5 30.9 30.6 78.4 63.7 64.5 
20.4 74.6 68.6 62.4 89.4 81.4 68.4 97.7 80.1 81.2 
31.0 110 100.1 89.1 118 121.5 103.3 114.0 90.8 89.7 
47.75  118 123.9 118.9 126.3 121.2 123.6 160.0 144.0 152.0 




















Table D.5   Waste Activated Sludge Phosphorus Release Batch Test with Primary Sludge Addition 
Initial Conditions 
(WAS at time 0 hours)  
    
Constituent Batch 1 Batch 2 Batch 3       
TP (mg/L) 184 190 205       
TSS (mg/L) 10,050 10,200 9,850       
VSS (mg/L) 7,580 7,520 6,780       
          
Release Test         
 Control (WAS Only) 20 mL Primary Sludge 200 mL Primary Sludge 
 Batch 1 Batch 2 Batch 3 Batch 1 Batch 2 Batch 3 Batch 1 Batch 2 Batch 3 
Time OP OP OP OP OP OP OP OP OP 
(HR) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
0 6.2 4.2 6.8 8.4 4.2 6.8 8.4 4.2 6.8 
2.5 10.2 4.9 8.9 10.5 6.3 10.2 12.8 5.4 9.5 
7 14 10.5 11.4 14.5 7.5 18.5 15.8 9.6 11.4 
26 18.5 14.2 14.9 18.5 9.9 24.6 24.1 18.5 18.5 
30.5 19 15.2 16 19.1 16.1 24.9 26.4 20.3 23.3 
43.5 19.9 16.5 17.9 21.2 17.5 28.9 27.5 22.3 25.9 
55.5 23.6 17.4 19.2 23 20.1 32.2 29.4 25.1 30.1 
67.5 28.1 23.4 24.5 24 28.5 35.2 35.7 29.7 32.4 
91.5 33.3 28.9 28.5 30.1 33.4 38.9 39.9 35.4 36.6 
115.5 37.8 29.6 30.1 34.5 30.4 46.5 44 41.2 45.1 
139.5 39.4 30 38.2 40.2 36.2 40.2 46 41.8 48.2 
174.75 41.7 30.1 39.1 43 40.1 44.5 44.3 40.2 54.2 
 
 
